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INTRODUCTION 
The history of casein chemistry began in the mid 
eighteen hundreds. The application of newly developed 
techniques, such as ultracentrifugation, gel filtration, 
electrophoresis, electronmicroscopy and ion-exchange 
chromatography, naming a few, has extended our knowledge 
of casein and opened a new horizon for the understanding 
of micellar casein. 
The present status of micellar casein has been developed 
within fairly recent years, and at the present time there 
exists a state of controversy on the three-dimensional 
structural aspects of casein micelles in bovine milk. 
One school of investigators suggested that casein com­
ponents in the casein micelles are organized in an orderly 
manner, yielding a "core-coat" type of structure. Others 
suggested that casein components in the casein micelles 
exist in random fashion, having neither the core nor the 
coat within the casein micelles. Even among those who ad­
vocate the core-coat type of the micelle structure, there 
is some dispute as to which casein component represents the 
core or coat material. 
The objectives in this investigation were to study 
the casein micelles in as nearly physiological condition 
as possible and to attempt to obtain inronudi-ion LliciL wOuU 
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help show whether or not casein components in casein 
micelles are organized in orderly manner, and, if they 
exist in orderly manner, which casein component occupies 
the core or coat of the micelles. The techniques employed 
were chemical modification of tryptophan residues and gentle 
tryptic hydrolysis of the casein micelles in skim milk at 
37 C. The treated casein micelles were fractionated into 
components, a^- {3- and K-caseins, and were studied. 
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REVIEW OF LITERATURE 
Decelles (1967) reviewed the literature concerning the 
method of obtaining native caseinates and some properties of 
the caseinates and their components. Rose (1959) briefly 
reviewed several proposed models for the casein micellar 
structure while proposing his own model. Waugh (1971) pre­
sented an extensive discussion on the micellar casein struc­
ture, dealing mostly with his own model and primarily based 
on artificial micelle systems. 
An attempt will be made to present physico-chemical 
properties of caseins, pertinent to casein micelles. Then, 
a comprehensive and up-to-date review of the models of 
micellar casein structure will be presented. Finally, ex­
perimental techniques applicable to the study of the micellar 
casein structure will be discussed. 
Casein 
The caseinates in milk exist in micellar and non-
mi cellar form; the latter exist to the extent of 5 - 15% 
of the whole casein (Bohren and Wenner, 1961). The fact 
that skim milk appears opaque is due to the presence of the 
micellar caseinates which occur in milk as large spherical 
colloids. Electron microscopic examination by Nitschmann 
(1949) has shown that the micellar, hydrated-size varied 
from 30 nm to 300 nm in diameter and that the micellar mass 
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was in a range of 3 x 10 to 3 x 10 daltons. 
Whole casein 
Whole casein was defined by Thompson et (1955) as 
a heterogeneous group of phosphoproteins precipitated from 
skim milk at pH 4.5 and 20 C. This is an operational def­
inition for isoelectric whole casein which includes the com­
ponents of both the micellar and non-micellar caseins. At 
the time Hammersten (1883) prepared isoelectric whole casein, 
it was considered as a single protein. Linderstrom-Lang 
(1925) fractionated the casein at different pHs and salt 
concentration, and demonstrated that each fraction was dif­
ferent in solubility and chemical composition; thus the 
heterogeneity of casein was recognized. Mellander (1939), 
employing moving boundary electrophoresis, demonstrated that 
casein was composed of at least three electrophoretic com­
ponents, which he designated a-, and y-caseins in the 
order of decreasing mobility. Later, Hipp et al. (1952) 
devised methods for fractionating a-/ |3- and y caseins by 
chemical means. During the preparation of whole casein by 
ultracentrifugation of skim milk in the presence of calcium 
chloride, Waugh and von Hippie (1955) were able to frac­
tionate a-casein into calcium insensitive K-casein and cal­
cium sensitive a^-casein. They suggested that K-casein is 
the protective colloid stabilizing casein micelles. The 
complexity of casein was further illustrated by Wake and 
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Baldwin (1961), who fractionated casein into as many as 20 
components, using starch-urea-gel electrophoresis. Then, 
genetic polymorphism in p-casein was discovered (Aschaffenburg, 
1951) . The genetic polymorphism in caseins recently was re­
viewed by Thompson (1970). 
In contrast to p-lactoglobulin solutions, McMeekin 
(1952) found no change of negative specific rotation when 
isoelectric casein in aqueous solution at pH 6.9 was heated, 
suggesting that caseins in solution exist in random configura­
tion. The optical rotatory property of whole casein in 
aqueous or urea solution at pH 6.5 and 24 C, examined by 
Kresheck (1965), was consistent with the earlier view that 
the casein was random in conformation in these solvents. 
The evidence that the caseins in aqueous solution at neutral 
pH have a largely disorganized random conformation was fur­
ther substantiated by Herskovits (1966), who examined the 
casein in concentrated urea or in aqueous solution at 1 C 
and 25 C. 
Ultracentrifugation of acid whole casein (Waugh and 
von Hippie, 1956) at 1 C has shown that an a^-K-casein com­
plex was formed at pH 7.0 and sedimeAted as 6.0 S particles 
and that p-casein was sedimented as a single aggregate as 
1.3 S. Yaguchi and Tarassuk (1967) fractionated acid whole 
casein on a Sephadex G-200 column with or without the 
presence of urea in the eluting buffer (pH 8.0 phosphate 
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buffer), and found that the fraction eluted in the void 
volume was an aggregate of p- and K-caseins, suggest­
ing the formation of complexes among the casein components. 
Individual casein components 
The light scattering studies of Kresheck et (1964) 
and Kresheck (1965) have reported that a^- and K-caseins in 
neutral solution exist in the form of random coils. The 
optical rotation examination of Herskovits (1966) has shown 
that all three major casein components, a^-, p- and 
AC-caseins, at neutral pH assume random coil conformations, 
and he also found that temperature (1 C and 25 C) and urea 
had no effect on the conformation. The viscosity study 
of Noelken and Reibstein (1968) further substantiated the 
random coil conformation of p-casein at neutral pH and 25 C; 
they found no conformational change in the presence or ab­
sence of denaturing agents (urea and guanidine-HCl). 
The light-scattering studies of Halwer (1954) and 
Kresheck (1965) have shown that a-casein, or more correctly 
the Og-K^casein complex, was in random coil conformation at 
neutral pH and room temperature. 
A difference in the tendency to associate among the 
genetic variants of a^-casein was reported by Schmidt and 
Payens (1964) and also by Thompson and Pepper (1964). The 
ulrracentritugation study ot Payens and Schmidt (1965) has 
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shown that the average molecular weight of a^-casein C 
rapidly increased with the protein concentration, suggest­
ing a high tendency to polymerize, and also demonstrated 
that the molecular weight increased with increasing temper­
ature (2 C to 14 C), further suggesting that the polymeriza­
tion was an endothermic process, Payens and Schmidt (1965) 
estimated polymerization, at least up to hexamerization, and 
suggested hydrophobic interaction between the monomers. From 
osmotic pressure study. Ho and Chen (1957) reported, however, 
that the polymerization of a^-casein B at neutral pH and 
20 C was dependent much more on ionic strength than on tem­
perature, and, from the results of the optical dispersion 
study, they concluded no conformational changes as the pro­
tein was polymerized from monomer to tetramer. 
Halwer (1954) studied the influence of ionic strength 
on the light scattering of p-casein solutions at pH 7.0, and 
reported a slow, irreversible association of p-casein with 
increasing ionic strength. The ultracentrifugation 
studies of von Hippie and Waugh (1955) and Sullivan et al. 
(1955) have shown a strong tendency for p-casein to poly­
merize at neutral pH with rising temperature. The sedimen­
tation and viscometric study of Payens and van Markwijk 
(1963) substantiated earlier findings that p-casein under­
goes strong endothermic polymerization. Pavens and van 
Markwijk (1963) reported that the p-casein exists in 
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monomeric form at 4 C, polymerizes at higher temperatures 
(8.5 C and 13.5 C), and that the polymers exist in solution, 
either as extended rods or as randomly coiled threads. 
In their sedimentation study, Waugh and von Hippie 
(1955) found that K-casein forms relatively uniform aggre­
gates (13.5 S) in 0.25 M CaClg at pH 7.0 and 37 C; the 
X-casein polymers are insensitive to temperature but dis­
sociate reversibly to form monomers of 1.3 S at pH 12. 
K-Caseins form aggregates even in the absence of calcium 
ion, and the smear obtained in zone electrophoresis of 
casein indicates such an interaction (Wake and Baldwin, 
1951). Swaisgood, Brunner and Lillevik (1954) have shown 
that K-casein is composed of two subunits of approximately 
28/000 joined by disulfide bonds. An absence of cystine in 
K"-casein was reported by Beeby (1954) who made amperometric 
titration of the K-casein after removing calcium ions and 
found titrable groups; this suggests the presence of SH-
groups. This has not been confirmed either by him or other 
investigators. 
Formation of an a^-p-casein complex was suggested by 
the turbidometric measurement of Ashworth (1954) and by 
the electrophoretic study of Payens (1958). The sedimenta­
tion and viscosity studies of Waugh et (1970) demon­
strated formation of an a„-B-casein complex at pH 7 and in­
dicate that polymerization was directly related to ionic 
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strength and temperature. The first evidence for the inter­
action between a^- and /<-casein to form a complex and sta­
bilize Œg-casein against calcium precipitation was obtained 
by Waugh and von Hippie (1956). 
The interactions between a^- and K'-casein are not very 
clear. Varying interaction ratios have been reported, and 
mechanisms involving hydrophilic, hydrophobic and electro­
static interactions have been proposed. The sedimentation 
study of Waugh and von Hippie (1956) demonstrated that the 
Œg zK ratio in their a^-X-casein complexes in the presence of 
calcium ion at pH 7.0 and 37 C was predominantly 4. From 
their sedimentation study. Noble and Waugh (1965) indicated 
that the ratio was close to unity at pH 7 and 37 C in 
the presence of calcium ion. Parry, Ford and Carroll (1969) 
reported that /<- and a^-casein interacted in the absence of 
Ca ions at a 1:1 (w/w) ratio when examined on Sephadex G-200 
at 25 C and pH 7. 
The gel filtration and sedimentation study of Kenkare 
and Hansen (1967) has shown a reversible heat-induced dis­
sociation of the a-casein complex into a^- and K'-casein, 
suggesting that the interaction between cc^- and K'-casein was 
a hydrophilic interaction (hydrogen bond). Hill and Wake 
(1969) suggested that the a^-K-casein interaction is 
hydrophobic because of the amphiphilic nature of K-casein. 
Green (1971a) and Green (1971b) demonstrated that K-casein 
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cannot be replaced by other proteins, detergents and water-
soluble polymers in stabilizing a^- and ^-casein against 
precipitation by calcium ions, suggesting that the inter­
actions between K-casein and a^-casein or {3-casein are 
hydrophobic, involving specific sites in each molecule. The 
fluorescence polarization study of Clarke and Nakai (1971) 
has shown positive entropy and enthalpy changes during the 
interaction between K-casein and a^-casein (dansylated), and 
they found the interaction was temperature dependent, sug­
gesting that the a^-K'-casein interaction is hydrophobic in 
nature. 
There also have been suggestions that the interaction 
between cCg- and K-casein is electrostatic in nature. Hill 
and Laing (1965) found that modification by photoxidation of 
histidine residues in /<-casein reduced its stabilizing abil­
ity for Og-casein. Nakai, Wilson and Herreid (1967) reported 
that the modification of histidine residues in K-casein 
caused decreased stabilizing ability and increased aggrega­
tion. Talbot and Waugh (1970) have modified lysine residues 
in /<-casein and found the modification reduced its stabiliz­
ing ability toward Og-casein. The electrophoretic, nuclear 
magnetic resonance and circular dichroic studies of Kason, 
Nakai and Bose (1971) have shown that the interaction of 
polyethylenimine and a^-casein was pH and concentration de­
pendent, and they also noted that the complex was dissociated 
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in 4 M urea with increasing pH, suggesting that the polymer 
associated at an electronegative region of the casein. 
In Gg-casein, the non-polar side-chain frequency is 0.34 
and the occurrence frequency for proline is 0.08 (Waugh, 
1971). Osterberg (1964) isolated a phosphopeptide from a^-
casein by tryptic hydrolysis and noted that the phosphopeptide 
is located in a short non-terminal segment of 35 amino acid 
and contained 7 phosphate residues, 11 carboxyl groups, 2 
amino groups, and 7 non-polar side-chain groups. The nuclear 
magnetic resonance study of Ho et (1969) demonstrated 
that phosphates in Og-casein are linked in monoester form. 
An extensive review on Cg-casein was presented by Thompson 
(1971). 
In p-casein, the non-polar side-chain frequency is 0.45 
and the occurrence frequency of proline is 0.18 (Waugh, 1971). 
Peterson, Nauman and McMeekin (1958) reported that the 
phosphopeptide (24 amino acid residues) obtained from tryptic 
hydrolysis of p-casein contains all of the phosphate groups 
in the p-casein and that the phosphopeptide contains five 
free carboxylic groups, two amino groups and eight non-polar 
side chains. From the amino acid sequence determination of 
the first 25 residues of p-casein A-l, Manson and Annan 
(1970) have shown that four of the five phosphate groups are 
linked on adjacent serine residues in the hydrophilic region 
near the N-teminal end. p-Casein was extensively reviewed 
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by Thompson (1971). 
In K'-casein, the non-polar side-chain frequency is 0.35 
and the occurrence frequency for proline is 0.01 (Waugh, 
1971). Rennin splits K-casein into an insoluble para-K-casein 
(Waugh, 1958) and soluble macropeptide (Jolies, Alais and 
Jolies, 1962). From a partial analysis of amino acid se­
quence, Hill and Wake (1969) have shown that the N-terminal 
two-thirds of x-casein are hydrophobic and the C-terminal 
third is hydrophilic. MacKinlay and Wake (1971) presented 
an extensive review on ;<-casein. 
Micellar casein 
The set of interactions leading to casein micelle for­
mation is intricate and depends on many factors within its 
environment, 
Waugh (1958) has suggested that the micellar and non-
micellar caseins form an equilibrium system in milk; his 
suggestion was based on the occurrence of a decrease in 
non-micellar casein when divalent calcium ions were added 
to milk and of an increase of non-micellar casein when milk 
was diluted with physiological saline, or inorganic phosphate 
was added to the milk. Under a constant ionic environment 
achieved by diluting milk with a large volume of the milk 
diffusate. Rose (1968) found little or no additional dis­
solution of micellar casein, and he concluded that the 
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micellar and non-micellar caseins do not form a true 
equilibrium systan. 
The sedimentation study of Sullivan et (1955) sug­
gests that p-casein was removed from casein micelles when 
skim milk was chilled. From the results of an electron-
microscopic study. Rose and Colvin (1966) suggested that the 
[3-casein which was dissolved from casein micelles of chilled 
skim milk (4 C) did not re-enter the micelles as the milk 
was rewarmed to 37 C but merely deposited on the surface of 
the micelles. Kolar and Brunner (1967) reported that 20-30% 
of the total casein was solubilized from micellar casein 
sediments (40 S) by repeated (4-6 times) centrifugation and 
peptization with milk diffusate at 0-4 C. They found that 
the solubilized casein was predominantly p- and /<-caseins 
with lesser amounts of a^-casein and that the ratio of 
p-îK-^ag-caseins remained relatively constant with each 
successive peptization. Rose (1968) obtained a result 
similar to that of Kolar and Brunner (1967), with p-casein 
accounting for about 55% of the total dissolved casein, by 
storing milk overnight at 4 C. Downey and Murphy (1970) ex­
amined the temperature-dependent dissociation of p-casein 
from casein micelles in milk at various temperatures (0-30 C) 
by ultracentrifugation and gel filtration (Sephadex G-200 
and Sepharose 2B columns equilibrated with a buffer similar 
in composition to milk ultrafiltrate). They reported 6-15% 
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increase of non-micellar casein on cooling milk from 30 
to 5 C; p-casein accounted for about 46% of this increase, 
while ttg- and /^casein constituted 30 and 23%, respectively. 
Based on the analysis of colloidal calcium phosphate-
free milk prepared by acidification of chilled milk, fol­
lowed by prolonged dialysis against the original milk, Pyne 
and McGann (1950) suggested that the so-called colloidal 
calcium phosphate in milk should be described as a colloidal 
phosphate-citrate which showed considerable analytical re­
semblance to the precipitate formed on neutralizing acidi­
fied milk serum. The electronmicroscopy and chemical anal­
ysis of Rose and Colvin (1966) have shown an apparent rela­
tion between the average micelle diameter and citrate 
concentration, although the major factors influencing micelle 
size were total soluble calcium and K-casein (as a percent 
of total casein). 
From their studies on colloidal phosphate in milk, 
McGann and Pyne (1960) reported that the removal of the 
colloidal phosphate led to an increase in the viscosity of 
milk and an increased sensitivity to calcium ions; coagula­
tion readily occurred on addition of calcium ion, whereas a 
similar concentration of calcium ion had no effect on normal 
milk. They also found that a smaller amount of p-casein was 
co-precipitated with the para-caseinate when rennin acted 
upon the colloidal phosphate-free milk, than upon the normal 
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milk. From these observations, they suggested the existence 
of an intimate association, probably some type of chemical 
union, between the colloidal phosphate and casein in casein 
micelles in milk. Rose (1958) reported a decrease of serum 
casein content by addition of calcium to milk but an in­
crease of the serum casein content on addition of phosphate 
or by removal of colloidal calcium phosphate; he suggested 
that the calcium phosphate content in casein micelles and 
the degree of polymerization of temperature-sensitive casein 
components (mostly p-casein) are the major factors controlling 
the proportion of casein present in micellar form. 
Downey and Murphy (1970) reported that approximately 58% 
of the total ^ -casein in milk was eluted with the whey pro­
teins by gel filtration of skim milk at 5 C on Sepharose 2B, 
without having any marked decrease in the size of casein 
micelles or any indication of micellar disintegration, thus 
suggesting that, if p-casein plays a structural role within 
casein micelles (Payens, 1966; Rose, 1969), less than half of 
the total p-casein is sufficient for this function. The gel 
filtration of colloidal calcium phosphate-free milk on 
Sepharose 2B at 5 C eluted all the major casein fractions 
as complexes of average mol. wt. 2 x 10^, while about 60% 
of the total p-casein was eluted with whey proteins, sug­
gesting that the colloidal calcium phosphate did not prevent 
the release of p-casein from casein micelles during the gel 
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filtration of skim milk on Sepharose 2B at 5 C. They found 
that, on gel filtration of skim milk or colloidal calcium 
phosphate-free milk on Sephadex G-200 at 5 C, j3-casein was 
eluted as aggregates with molecular weights at approximately 
200,000, suggesting that the dissociated p-casein exists as 
a polymer at 5 C under conditions similar to those prevailing 
in milk. They further reported that approximately 5% and 
60% of the p-casein in skim milk and colloidal calcium 
phosphate-free milk, respectively, were eluted as aggregates 
(molecular weight, approximately 200,000). This is consistent 
with the suggestion that the colloidal calcium phosphate plays 
an integrating role in the association of p-casein with the 
other casein components of casein micelles. 
Proposed Models for the Structure of Casein Micelles 
Core-coat type of structure 
According to Payens (1956), casein micelles consist of 
meshes of p-casein threads to which Og-caseins are attached 
by hydrophobic interactions. The a^-p-casein complex then 
is surrounded by a layer of K-casein and by some colloidal 
calcium phosphate. This model is built primarily on the 
basis of chemical and physical properties of purified casein 
components ia^-, p- and Krcasein). The model does explain 
the stabilizing function of x-casein for Og- and p-casein 
against calcium ions and satisfies the requirement of the 
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availability of /<-casein for rennin hydrolysis. The model, 
however, ignores the important role of colloidal calcium 
phosphate in maintaining the integrity of casein micelles 
and does not explain the movement of p-casein into the serum 
phase when temperature is lowered. 
Morr (1957) proposed that casein micelles composed of 
"loosely-packed, calcium-caseinate complex units" which are 
composed of an inner core of a^-p-complexes and are sur­
rounded by an outer layer ag-K-casein complex. These units 
are joined in association by a combination of calcium and 
colloidal calcium phosphate-citrate linkages. The colloidal 
calcium phosphate-citrate is considered to be distributed 
throughout the micelle. The model satisfies the functional 
role of K-casein in stabilizing the micelle against calcium 
ions and the rennin action on R^casein. Again, the model 
does not explain the movement of p-casein into the serum 
phase when temperature is lowered. 
According to Rose (1969), the casein micelle is built 
from subunits, each of which consists of linear random 
threads of p-casein polymers associated with a^-caseins via 
hydrophobic forces. K-Casein, then, associates with some 
of the Og-casein units and the complex is stabilized against 
reversible dissociation by colloidal calcium phosphate link­
ages. In the presence of calcium, phosphate, and other ions, 
agglomeration of these subunits occurs at /<-casein-free 
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areas, but the agglomeration ceases when a sufficient por­
tion of the surface is protected by ^casein. Since a 
limited area of the micelle surface is covered by K^casein, 
the dissociation of p-casein from the micelle can take place 
by lowering the temperature or by removing colloidal cal­
cium phosphate. Downey and Murphy (1970) suggested that the 
p-casein in the micelle exists in two different states, tight 
and loose aggregates, where the tightly bound p-casein con­
stitutes the internal lattice. The inverse relationship be­
tween micelle size and Krcasein content exists because of 
the micellar surface charges originating from K-caseins with 
varying amounts of carbohydrates. The concept of a linear 
random thread of p-casein polymers is difficult to reconcile 
since the hydrophilic groups in the p-casein was known to ex­
ist at the end of the peptide, unless the alternating hydro­
philic ends are linked via some type of salt bridge. 
From the amphiphilic nature of /^casein. Hill and Wake 
(1969) suggested that the hydrophobic region of K-casein is 
anchored to a calcium-Og-p-caseinate core and the hydrophilic 
macropeptide region is directed outwardly to provide a coat 
which then stabilizes the micelles with a negatively charged 
and solvated surface. When the coat is removed by rennin, 
the hydrophobic cores are no longer stable in suspension. 
According to Waugh et (1970), a^-caseins associate 
through lyophobic forces to form "rosettes" of radially 
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oriented molecules. In the rosettes, p-casein can replace 
some Cg-casein. These rosettes agglomerate through calcium 
salt linkages, and the agglomerates become coated by /c-caseins 
via electrostatic interaction. This model is primarily based 
on studies of artificial micelle systems and ignores the im­
portant role of colloidal calcium phosphate. Although the 
model satisfies the role of /<-casein in stabilizing and 
p-caseins against calcium ions and of rennin action of 
/<-casein, it has no explanation for the movement of p-casein 
into the serum phase when temperature is lowered. 
The previous models described thus far were based on 
the Œg-p-casein complex as a core and the K-casein as a coat 
material, assuming the dissociation of K-casein polymers to 
lower molecular units prior to a^-p-casein complex formation. 
According to Parry and Carroll (1969) , the /<-casein 
polymers are located in the center of the micelles and are 
surrounded by flexible-rod like a^-casein aggregates and by 
rigid rod-like ^-casein aggregates. The whole complex then 
is stabilized by colloidal calcium phosphate. This structure 
allows a limited movement of proteins and ions into and out 
of the micelle. The non-sedimentable smaller micelles con­
sist mainly of tlie /^casein polymer associated with a^- and 
p-casein aggregates. Rennin attacks the smaller micelles 
to produce para-K-casein aggregates which then induce a clot 
by combining the larger micelles together. The model is 
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primarily based on the result obtained by electronmicroscopy 
of the casein micelles that had been reacted with ferritin-
anti-K'-casein antibody. No evidence was obtained for the 
occurrence of a x^casein on casein micelle surface, using 
either purified antibody or ferritin conjugated antibody. 
They also found that repeated centrifugation and peptization 
of casein micelles removed the smaller micelles and that 
this treatment progressively retarded rennin clotting of 
natural milk, thus suggesting that the smaller micelles are 
involved in the rennin clotting. The removal of the smaller 
casein micelles did not disturb the integrity of the larger 
micelles. This model does explain the movement of p-casein 
from the micelle into the serum phase and the important role 
of colloidal calcium phosphate in maintaining the integrity 
of the micelles. The immunochemical technique employed by 
Parry and Carroll (1969) is an ingenuous approach in study­
ing the structure of the casein micelle, however, it must be 
pointed out that the antibody prepared by using purified 
Krcasein may or may not react with the K^casein occurring 
naturally in the micelle. 
Dispersed type of structure 
Gamier and Ribadeau Dumas (1970) proposed a different 
model for micelle structure. They proposed that the micelle 
is an open sponge-like structure with cavities and is built 
up of uniformly distributed subunits. According to this 
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model/ the micelles are composed of an average repeating 
unit of IK-/ 2ag and 2p-casein subunits assembled in a 3-
dimensional network or branched polymer made of 130-130,000 
monomers, in which K-caseins form the nodes and the copolymers 
of Œg- and p-casein make up the branches. All the associa­
tions between subunits are through non-covalent bonds and the 
chemical composition varies with the number of a^- and 
p-casein subunits in the branches. This model is based on 
the results of Ribadeau Dumas and Gamier (1970), who have 
shown a lack of preferential binding of 1-dimethylamino-
naphthalene-5-sulfonyl chloride (dansyl chloride, mol. wt. 
= 270) by any one of three major casein components (Og-, 
P- and Krcasein) in isoelectric whole casein and reconsti­
tuted casein micelles and a lack of preferential release of 
C-terminal amino acids from the 3 major casein components 
from isoelectric whole casein and natural micelles when 
treated with carboxypeptidase (mol. wt. = 34,600). Ribadeau 
Dumas and Gamier (1970) also reported the penetration of 
myoglobin (mol. wt. = 17,000) into the micelle. Recently, 
Ashoor, Olson and Richardson (1971) reported that the abil­
ity of /C-casein to stabilize a^- and ^-caseins against cal­
cium ion was reduced markedly when the K-casein was dansylated, 
and, furthermore, that, when all three casein components 
(Og/ p and K) were dansylated, the calcium sensitive casein 
components (ag and j3) were completely unstable and 
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precipitated. This then raises a question whether the 
dansylation of the micelles (Ribadeau Dumas and Gamier, 
1970) might have resulted in a disruption of the micelles. 
Experimental Approaches 
A number of chemical techniques has been developed in 
recent years for a study of three-dimensional protein 
structure in solution. Scxne of these methods, pertinent to 
the study of casein micellar structure, will be reviewed, 
keeping in mind that the methods suitable for a simple pro­
tein may or may not be applicable to complex protein aggre­
gates such as micellar casein because of its enormous com­
plexity. 
Chemical modification 
Saunders/ Jung and Hamilton (1967) incorporated 
tritium into y-irridiated chymotrypsinogen by treating the 
protein with tritiated chloroform. They found that the 
tritium was preferentially incorporated into certain amino 
acid residues in the protein, and their interpretation was 
that the tritiated amino acid residues probably occupy the 
outer portion of the protein because of more accessibility 
by the tritiated chloroform to these residues. Tamaoki et 
al. (1958), however, reported that y-radiation was detrimental 
to the structure and function of bacterial 30 S ribosomes 
unless the free radicals produced by the y-radiolysis are 
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removed by chemical scavengers such as ethanol or p-
mercaptoethanol. 
Modification of functional groups In recent years, 
an enormous progress has been made in the development of 
group-specific reagents (Vallee and Riordan, 1969). In 
early days, modification of all the available functional 
groups in protein was aimed at the study of the effect on 
biological activity and physical property of the modified 
protein. The aim, in recent years, has placed much emphasis 
on the possibility of using selective chemical modification 
as a means of obtaining information on tertiary structure, 
topology and conformational changes of proteins. 
The highly selective reagent, developed by Koshland, 
Karkhanis and Latham (1964) and Horton and Koshland (1965), 
is particularly interesting because of its applicability to 
milk proteins. They developed an environmentally sensitive 
protein reagent, 2-hydroxy-5-nitrobenzyl bromide, which was 
shown to react rapidly with tryptophan in aqueous solutions 
over a wide range of pH. In acidic or neutral solution, 
cysteine was the only other amino acid which was modified 
by the reagent, and the reactivity of cysteine was no more 
than one-fifth that of tryptophan. Sensitivity of its 
absorption spectrum in which protein is transparent, ease 
of modification-reaction under mild conditions, and spec­
ificity for tryptophan make the reagent an ideal candidate 
24 
for the study of casein micelles. Furthermore, it has been 
shown that oxidation of tryptophan residues caused no change 
in Kappa-casein's ability to complex with a^-casein. 
Modification of caseins It has been reported that 
the coagulation of rennin-treated casein was inhibited by 
photooxidation of histidine residues and dansylation of 
lysine residues in casein (Hill and Laing, 1965; Hill and 
Craker, 1968). Beveridge and Nakai (1970) reported that 
Og-casein, when histidine residues were modified, became 
less sensitive to calcium ions. Nitration of tyrosine 
residues in Og-casein and K-casein resulted in a loss of 
ability to form ttg-K-casein complex (Wyochick and Wondolowski, 
1969). Increasing the net negative charge of p-casein by 
acylating amino groups increased its stability against 
calcium ions but resulted in a loss of its ability to form 
self-aggregates (Hoagland, 1966). Modification of free amino 
groups of /<-casein by trifluoroacetylation or carbamylation 
markedly reduced the ability of K-casein to stabilize 
Og-casein against calcium ions (Pepper, Hipp and Gordon, 
1970; Talbot and Waugh, 1970). 
Pepper and Thompson (1963) have shown that dephos-
phorylated a^-casein was no longer stabilized by K-casein. 
It also has been reported that dephosphorylation of Og-casein 
caused reduction of micelle size (Whikehart and Rafter, 
1970). Thompson, Kalan and Greenberg (1967) reported a loss 
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of the ability of ag-casein to polymerize when it was 
treated with carboxypeptidase A. 
Enzymatic hydrolysis 
Tryptic hydrolysis of proteins is in general one of the 
main steps involved in the elucidation of amino acid se­
quence, where the hydrolysis results in forming smaller 
peptide units. If properly designed, limited proteolysis 
may become a valuable technique in the study of complex 
protein structure. Craven and Gupta (1970) examined the 
topology of bacterial 30 S ribosomes by limited tryptic 
hydrolysis, and were able to classify ribosomal proteins 
as external or internal subunits. 
Ledford, Chen and Nath (1968) have shown that rennet 
enzymes hydrolyzed a^-casein more rapidly than p-casein. 
Lawrence and Creamer (1969) reported that trypsin hydrolyzed 
K-casein to produce para-/<-casein and that a^-casein and 
p-casein inhibited para-K-casein from forming aggregates in 
the absence of calcium ions. According to Choudhery and 
Mikolajcik (1970), proteinases from Bacillus cereus 
hydrolyzed p-casein in skim milk more rapidly t^an 
ttg-casein. 
It has been reported that the physical form of casein 
influences the rate of proteolysis by rennet enzymes; degra­
dation was faster when casein was dissolved than when in 
micelles (Ledford, Chen and Nath, 1968). Fox (1970) reported 
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that rennet enzyme readily attacked /^casein in skim milk, 
whereas and ^-caseins were almost inaccessible to 
proteolysis by the rennet. As the casein became more dis­
persed by removing colloidal calçium phosphate, it was more 
susceptible to proteolysis, particularly Og-casein, and the 
susceptibility of colloidal calcium phosphate-free milk was 
about the same as that of sodium caseinate. He also demon­
strated that, in solution, the relative susceptibility of 
ttg- and p-caseins to proteolysis was temperature dependent. 
As the temperature of sodium caseinate solution was de­
creased to 4 C, p-casein became relatively more susceptible 
to proteolysis than Og-casein, even though Cg-casein was 
extensively hydrolyzed either at 32 C or 4 C. In contrast, 
Œg-casein in milk was almost inaccessible to proteolysis 
either at 32 C or 4 C, whereas p-casein in milk became more 
susceptible to proteolysis as the temperature was decreased 
to 4 C. 
27 
EXPERIMENTAL 
Materials 
Water 
Distilled water Tap water softened by zeolite 
treatment was distilled in a Barnstead, hard-water model, 
laboratory still and stored in a 100-gallon aluminum tank. 
Its use is indicated wherever the term water is employed. 
Redistilled water Redistilled water was prepared 
by the procedure described by Bird et (1961). 
Milk 
Fresh raw milk, a cortçïosite of the evening milking 
(after the bulk tank had been emptied and cleaned) from at 
least 75 cows and stored in a refrigerated bulk tank, was 
obtained from the University Dairy Farm. The skimming pro­
cedure was done immediately after milk was brought to the 
laboratory. The fresh raw milk from cows No. 6047 and No. 
5944 was obtained from the University Dairy Farm without 
being cooled and the skimming procedure was done immediately 
after the milk was brought to the laboratory. 
Reagents 
All reagents were reagent grade unless otherwise indi­
cated. Aqueous solutions were prepared using redistilled 
water unless otherwise indicated. 
28 
DEAE-cellulose The DEAE-cellulose employed was 
Whatman DE 11, medium fibrous powder, with nominal capac­
ity of 1.0 meq per mg, control No. DE/2714 (Reeve Angel, 
Clifton, New Jersey). 
2-Hydroxy-5-nitrobenzyl bromide (a-Bromo-5-nitro-O-
cresol) 2-Hydroxy-5-nitrobenzyl bromide (HNB) was pur­
chased from Eastman Organic Chemicals (Eastman Kodak Company, 
Rochester, New York). 
Mixed-ion exchange resin The resin used in deioniz-
ing urea was Amberlite MB-3, 20-50 mesh, and OH" forms. 
Sephadex The Sephadex eitrployed in desalting skim 
milk was Sephadex G-25, medium grade, lot 6709 (Eharmacia 
Fine Chemicals, Piscataway, New Jersey). 
Starch The starch employed in horizontal starch-
urea- 2-mercaptoethanol-gel electrophoresis was Connaught 
hydrolyzed starch, lot 281-5 (Connaught Medical Research 
Laboratory, Toronto, Canada). 
Trypsin Worthington trypsin (bovine pancreas) 
(3.4.4.4.), 3 X crystallized salt-free and lyophilized, was 
employed (Worthington Biochemical Corp., Freehold, New 
Jersey). 
Trypsin inhibitor The inhibitor was Worthington 
lima bean trypsin inhibitor, salt-free lyophilized powder 
(Worthington Biochemical Corp., Freehold, New Jersey). 
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Apparatus 
Dialysis tubing 
The dialysis tubing was purchased from Union Carbide 
Corporation (Chicago, 111.) and was cleaned according to the 
method of Birshtein, Turner and Cebra (1971). 40 strips 50 
cm in length were cut from a 100-ft. roll of No. 36 tubing. 
The pieces were placed in a 4000-ml beaker containing 3-
liters 0.05 M ammonium bicarbonate and boiled for 15 min. 
After cooling and rinsing with water, the pieces were soaked 
in 2000 ml of 0.05 M ammonium bicarbonate-0.01 M N-ethyl-
maleimide for at least two hours, rinsed with water and 
stored in water at 4 C. 
Water bath 
Water baths equipped with a heating coil, cooling coil 
and Micro Set Thermoregulator (Model No, 66530, Precision 
Scientific Co., Chicago, 111.) were employed in maintaining 
constant temperature. 
A Precision Temperature Controlled Circulating Water 
Bath (Precision Scientific Co., Chicago, 111.) was employed 
for maintaining the toiperature of the chromatographic 
columns at 25 C. 
pH meter 
A Type TTTlg Titrator equipped with a glass combination 
electrode, a magnetic valve and an automatic toileratvire 
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compensator (Radiometer, Copenhagen, Denmark) was employed 
in measuring pH values and in maintaining constant pH. 
Centrifuges 
A Model PR-2 refrigerated centrifuge with an automatic 
timer and temperature control (International Equipnent Co., 
Boston, Mass.) was employed to obtain skim milk at 2 C. 
A Size 2 Centrifuge (International Equipment Co., 
Boston, Mass.) was employed to obtain the skim milk at 
temperatures not below room temperature and to separate 
casein precipitates. 
An International Clinical Centrifuge (Model CL, In­
ternational Equipment Co., Boston, Mass.) was employed in 
separating casein precipitates prepared in small quantities. 
A Sorvall RC20B Refrigerated Centrifuge (Ivan Sorvall 
Inc., Newtown, Conn.) was employed in preparing p-casein. 
A Spinco Model L refrigerated preparative ultra-
centrifuge (Beckman Instruments Inc., Pasadena, Calif.) was 
employed in obtaining micellar casein and in preparing 
Og-casein. 
Freeze-drying apparatus 
The freeze-drying apparatus employed has been described 
by Decelles (1963, p. 21). 
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Fraction collector 
À fraction Collector Controller type 3403B, Distributor 
type 3402B, Rotator type 3401B and Siphon type 3404B (LKB 
Instruments Inc., Rockville, Maryland) were employed in the 
automatic collections of 5-ml samples. A Uvicord Control 
Unit 4701A and a Chopper Bar Recorder type 6520A (LKB 
Instruments Inc., Rockville, Maryland) were employed in 
the measurement of percentage transmittances of the eluted 
sample and for the automatic recording of the elution pattern 
of the eluted proteins, respectively. 
Conductivity apparatus 
A Number 4960 line operated, portable resistance indi­
cator with a l-an conductivity cell (Leeds and Northrup, 
Philadelphia, Penn.), was enployed in measuring conductivi­
ties of aqueous urea solutions and of the gradient elution 
buffer aliquots obtained by chromatography. 
Chromatogr aphi c columns 
Glass columns (Ace Glass Inc., Vineland, New Jersey) 
30- and 20-cm long (a 20-cm column was made from a 45-cm 
column at the ISU Glass Blowing Shop) with internal diameter 
of 2.5 cm were employed. A water jacket for the 30-cm 
column was made in the laboratory. 
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A Beckman Model DU Spectrophotometer (Beckman Instru­
ments Inc./ Pasadena, Calif.) was employed in the protein 
estimation and in the estimation of modified tryptophan 
residues in caseins. 
A Beckman Model DK-2 Recording Spectrophotometer 
(Beckman Instruments Inc., Pasadena, Calif.) was employed 
in obtaining a spectrum of 2-hydroxy-5-nitrobenzyl alcohol. 
Starch-gel electrophoresis apparatus 
Power supply A HeathljCit Model lP-17 Regulated H. V. 
Power Supply (Heathkit Company, Benton Harbor, Mich.), 
bought as a kit and assembled, was employed. 
Electrophoresis unit A Model EC-401 Electrophoresis 
Apparatus (E-C Apparatus Co., New York, N.Y.) was employed. 
Gel trays The gel trays were assembled by fitting 
a bottom cut from 0.6-cm Plexiglas sheet (19.4 x 7.2 x 0.6 
cm) with six pin holes to a Plexiglas side rail (29.4 x 7.2 
X 0.6 cm outside dimensions and 28.2 x 6.0 x 0.6 cm inside 
dimensions) with six fixed pins. 
Gel tray top rails The top rails made from 0.3-cm 
Plexiglas sheet with outside dimensions of 29.3 x 7.2 x 0.3 
cm and ingide dimensions of 28.1 x 6.1 x 0.3 cm were em­
ployed in slicing gels. 
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Gel slicer The gel slicer was a commercial, home-
type, processed-cheese slicer strung with 30-gauge nichrome 
wire. 
Sample insertion knife The knife was made from 
1.5-mm stainless steel sheet, 6.0 cm wide and 11.6 cm long. 
One end of the sheet was sharpened forming a blade 6.0 cm 
wide; it was bent at an angle of 90 degrees, 1.0 cm from 
the sharpened end. The opposite end was bent in a like man­
ner, 1.3 cm from the end. The knife was made to cut the 
gel 8.5 cm from the anodic end of the gel, perpendicular to 
the direction of sample migration. The knife was pulled 
back after cutting the gel, approximately 1 cm, and held 
by a plastic block between the end of the tray and the non-
sharpened end of the knife, leaving the hands free to insert 
the sample wicks. 
Buffer wicks The wicks, 14.5 x 6.5-cm pieces made 
from reusable Nylonge-sponge (Nylonge Corp., Cleveland, 
Ohio), were employed in connecting the buffer vessels to 
the gels in the gel trays. 
Densitometer 
A Model 525 Photovolt Densitometer and a Model 43 
Photovolt Varicord Recorder (Photovolt Corp., New York, 
N.Y.) were employe^ in scanning the transparencies of urea-
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Methods 
Horizontal starc'h-\irea-2-mercaptoethanol-qel electrophoresis 
The method employed was basically the one described by 
Smithies (1955), Wake and Baldwin (1951) and Poulik (1957) 
with some minor modifications. 2-Mercaptoethanol was added 
after degassing as suggested by Neelin (1964). 
1 M borate buffer The borate stock buffer was pre­
pared by dissolving 927.6 g boric acid and 197 g sodium 
hydroxide in ça. 14 liters of water and adjusting the final 
volume to 15 liters, after both the boric acid and the 
sodium hydroxide were completely dissolved. The solution 
was stored in a 5-gal polyethylene bottle. The working 
borate buffer at pH 8.6 was prepared by diluting 1.5 parts 
of the stock borate buffer with 3.5 parts water. 
Stock 0.76 M tris-citrate buffer, pH 8.4 92.07 g 
tris were dissolved in ça. 500 ml water, titrated with 1 M 
citric acid to pH 8.6 and diluted to ça. 900 ml. The pH 
of the solution was readjusted if necessary and the solu­
tion was made to 1000 ml with water. This stock tris buf­
fer was used in preparing solutions of the protein samples. 
Stock 0.76 M tris-citrate buffer, pH 8.6 The buf­
fer was prepared in exactly the same manner as the stock 
tris-citrate buffer at pH 8.4, except that the pH was ad­
justed to S.G. Tîiiâ 5Lock Lris buffer was used iii ptepdi-
ing starch gels. 
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Assembly of gel tray The gel tray was assembled 
from the bottom and the side rail by the application of high 
vacuum silicone grease. The top rail then was secured to 
the side rail with silicone grease. 
Preparation of starch gels 67.5 ml of the stock 
tris-citrate buffer at pH 8.6, 74.3 g hydrolyzed starch 
and 408 ml water were placed in the upper section of a 
Pyrex double boiler and the mixture was stirred to obtain 
a slurry. The upper section of the double boiler was 
placed in the bottom section which contained water and the 
mixture was heated slowly over a Meeker burner with con­
stant agitation by means of a glass stirring rod. When 
gelation had occurred, as indicated by a sharp increase in 
viscosity and translucency, heating was continued for 30 
sec. Then 267 g urea were added ça. two teaspoonfulls at 
a time, stirring continuously until the added urea was 
essentially dissolved before making the second addition. 
When all of the urea has been added, the gel was heated for 
an additional 2 min. The gel was transferred to a 2000-ml 
suction flask and degassed under the vacuum of a water pump. 
With swirling agitation, 1.35 ml 2-mercaptoethanol were 
added to the gel and the swirling was continued until the 
2-mercaptoethanol was uniformly distributed. The gel was 
poured into the assembled gel trays, covered with Parafilm 
(American Can Co., Neenah, Wis.) and placed in the 
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refrigerator (ça. 4 C) for at least 4 hr. The composition 
of the gel was 0.076 M tris, 6,6 M urea, 0.2% 2-mercapto-
ethanol/ and 11% starch (in the aqueous phase). 
Preparation of protein samples A suitable amount 
of protein, weighing up to 15 mg, was placed in 5-ml beaker 
and 1 ml 0.076 M tris-citrate-6.6 M urea buffer at pH 8.6 
(10 g urea were placed in a 25-ml volumetric flask contain­
ing 1 ml stock tris buffer at pH 8.4, dissolved and made to 
volume with water) was added. When the protein sample was 
completely dissolved, one drop at 2-mercaptoethanol was 
added a minimum of 3 hr before the sample was electro-
phoresed as suggested by Woychik (1964). 
Preparation of electrophoresis Buffer vessels and 
electrode compartments of the electrophoresis unit were 
filled with the borate buffer, and levels were allowed to 
adjust for at least 2 hr. 
After gelling, the 3-mm top rail was removed from the 
gel tray, and the top 3 mm of gel were sliced from the body 
of the gel with the gel slicer. The gel was cut 8.5 cm 
from the anodic end of the gel using the insertion knife 
and pulled back ça. 1 cm. Filter-paper wicks, 9.0 x 0.5 
ram, made from Beckman No. 319329 paper (Beckman Instruments, 
Inc., Palo Alto, Calif.) were impregnated with protein sam­
ples, gently pressed against facial tissue to remove excess 
protein and placed against the cut surface of the gel 5 mm 
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from the outer edges of the gel and 5 mm apart. After the 
samples (four samples per tray) were placed, the cut surfaces 
of the gel were pushed together and the gel in the tray was 
wrapped with Saran film, leaving 2.0 cm exposed at each end. 
The gel trays containing the protein samples were 
placed on the supporting plate, which was cooled by rapidly 
circulating tap water pulled through by a water suction 
pump. The buffer compartments and the exposed 2.0-cm ends 
of the gel were bridged with buffer soaked Nylonge sponge 
wicks, which were held in place by Saran wrapped brass 
bars (8.0 x 2.0 x 0.5 cm). 
Electrophoresis A potential of 200 volts, resulting 
in a current of about 60 ma for three trays, was applied 
during about 9 hr or until the brown borate boundary had 
migrated 11.0 cm from the sample wicks. 
Staining and destaining of the gel After the de­
sired migration had occurred, the gel was unwrapped, and the 
sample wicks and the side rail of the tray were removed, 
leaving the gel on the tray bottom. The gel was sliced into 
two layers of 3-mm thickness. A strip of Whatman No. 1 
filter paper, 6.5 x 45.0 cm, cut from a large sheet, was 
placed on the top of the gel and the top slice was removed. 
The bottom slice was removed in the same manner. The re­
moved gel slices were stained by placing them in a plastic 
vegetable crisper containing 1% Amido Black lOB solution 
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(10 g dye in 1-liter abs. methanol :water;glacial acetic 
acid, 5:5:1/ v/v) for 5 min. After staining, the slices on 
the filter paper were immersed in destaining solution (abs. 
methanol:water:glacial acetic acid, 5:5:1, v/v) allowing 
the slice to slide from the paper. The slices were left in 
the first destaining solution 4-5 hours, and the destaining 
was continued until the gel background was clear. The gels 
were wrapped well in Saran film and stored in the refriger­
ator at 4 C. 
Densitometry The method employed was a modification 
of the one described by Decelles (1967, p. 59). 
Positive transparencies (Eastman Kodak, Ortho, type 3, 
4x5 inches) were made from the destained gels. These were 
scanned with a model 525 Photovolt Densitometer and tracings 
were obtained with a model 43 Photovolt Varicord Recorder. 
The recorder chart speed was 1.7 cm/min, and that of the 
transparencies on the densitometer,was 0.9 cm/min. The 
casein components were identified by performing the electro­
phoresis with chemically prepared a^-, p- and K-casein; the 
band just ahead of the major p-casein band was considered to 
be an a^-casein fraction according to Thompson and Kiddy 
(1954) and was included in the og-fraction. 
The zero of the densitometer (100% transmittance) was 
set at position just behind the fastest migrating band. 
The distance from just behind the borate line to and including 
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y-casein was measured on the transparency, was multiplied 
by the magnification factor (1.7/0.9) and was laid off on 
the zero abscissa of the recorder chart. A line was drawn, 
perpendicular to the zero line at this point. The inter­
section of this line with the trace was used as the base­
line position of the trace. The positions of the boundaries 
of the other casein components similarly were measured on 
the transparencies and were laid off on the chart. The traces 
then were xeroxed (Varian Aerograph, 1971) and the areas 
equivalent to the casein components were cut out, weighed 
and the relative percentages of the components were esti­
mated. 
Preparation of skim milk 
Mixed skim milk at 2 C Skim milk was obtained by 
centrifuging the raw whole milk in 1-liter polyethylene 
bottles with a Model PR-2 International Refrigerated 
Centrifuge at 2.5 + 1 C at 2100 rpm for 90 min and the 
skim milk was removed by a siphon. This skim milk was em­
ployed in chemically preparing casein components and in 
preliminary experiments. 
One cow's skim milk at room temperature Skim milk 
was prepared by centrifuging the raw whole milk in 1-liter 
polyethylene bottles with a Size 2 International Centrifuge 
at room temperature at 1900 rpm -For Qf) min arid the skim milk 
was removed by a siphon. This type of skim milk was 
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exclusively employed in the studies of tryptophan residue 
modification and tryptic hydrolysis. 
Preparation of isoelectric casein 
Preparation 1 The method employed was the one de­
scribed by Kim (1969, p. 24). 
Preparation 2 The method of preparing isoelectric 
casein employed was described by Rowland (1938). The casein 
so prepared was spun down by centrifuging at 1900 rpm for 20 
min at room tanperature (International Size 2 Centrifuge). 
The casein then was washed by dispersing in 80 ml water con­
taining 1 ml 7% acetic acid and 1 ml 1 M sodium acetate and 
by centrifuging at 1900 rpm for 20 min at room temperature. 
The washed casein was peptized at pH 6.8-6.9 with 0.5 N NaOH. 
The peptized casein was transferred to a lOO-ml volumetric 
flask and diluted to the mark with water. After determining 
the protein content, the casein was lyophilized. 
Preparation of a^-, p- and K-caseins 
Preparation of a.-casein a=-Casein was prepared ac­
cording to the method of Melnychyn and Wolcott (1967). To 
one liter of skim milk,, 1 g sodium tetraphosphate, Quadrofos 
(Rumford Chemical works, Rumford, Rhode Island) was added and 
the mixture was stirred for 30 min at 20 C. Urea was added 
tc the skiin rruLlk-Quaui'cifOis mixture to 5 ri urea concentration. 
The sk^jn milk mixture was dialyzed against 3 M urea-0.1 N 
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acetic acid for 24 hr at 4 C. The precipitate formed in the 
dialysis bag was separated by centrifugation at 2500 rpm for 
40 min at 2 C (Model PR-2 International Refrigerated Centri­
fuge) and the precipitate was successively washed with 3 M 
urea-1 N acetic acid and with water. The washed precipitates 
were dissolved in 6 M urea-1 N acetic acid at 4 C and were 
centrifuged at 40,000 rpm for 120 min in a Beckman Model L 
Ultracentrifuge (No. 40 rotor) without refrigeration. The 
supernatant was filtered through a glass fiber filter. 
Reeve Angel 934 AN (Reeve Angel, Clifton, New Jersey), the 
filtrate was dialyzed against water at 4 C until the dialysate 
was free of urea, and it then was lyophilized. The method 
of Michon and Arnaud (1952) was enployed in detecting urea 
in the dialysate. 
Preparation of p-casein Crude ^-casein was prepared 
by the method of Aschaffenburg (1953) and was purified ac­
cording to the method of Hipp et (1952). The crude 
p-casein solution in aqueous 6.6 M urea was diluted with 
water to 4.6 M urea concentration, allowed to stand at room 
temperature for 50 min and centrifuged at 4080 x g for 30 
min at room temperature (Sorvall RC2-B Centrifuge with GSA 
rotor). The supernatant was removed, diluted with water to 
3.3 M urea concentration, allowed to stand for 30 min at 
room temperature, and centrifuged at 4080 x g at room 
temperature (Sorvall RC2-B Centrifuge with GSA rotor) for 30 
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min. The supernatant was diluted with water to 1.7 M urea 
concentration and centrifuged at 6870 x g for 30 min at room 
temperature (Sorvall RC2-B Centrifuge with GSA rotor). The 
precipitate obtained again was dissolved in 6.6 M aqueous 
urea solution and the procedures leading to the p-casein 
solution in 1.7 M urea were repeated. The p-casein solu­
tion in 1.7 M urea was dialyzed against water at 4 C until 
the dialysate was free of urea and lyophilized. The method 
of Michon and Arnaud (1962) was employed in detecting urea 
in the dialysate. 
Preparation of /f-casein K"-Casein was prepared ac­
cording to the urea-sulfuric acid method of Zittle and 
Custer (1963) and was purified by the method of Zittle 
(1967). Isoelectric whole casein solution in 6.6 M aqueous 
urea was diluted with 7 N HgSO^ and water to 0.5 N HgSO^ 
concentration and allowed to stand for 2 hr at room tem­
perature. The precipitate formed was removed by centri-
fugation at 1900 rpm for 1 hr at room temperature (Inter­
national Size 2 Centrifuge). To the supernatant, ammonium 
sulfate was added to 1 M concentration and the precipitate 
was removed by centrifugation at 1900 r^rni for 30 min at 
room temperature (International Size 2 Centrifuge). The 
precipitate was washed with water and lyophilized. 
A 5% crude K-casein solution was reduced by the addi­
tion of 2-mercaptoethanol (1%, v/v), stirred for 15 min. 
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diluted with 6.6 M aqueous urea solution to 3.3 M urea con­
centration and acidified to pH 3. To the mixture, sodium 
tetraphosphate (1%, v/v), was added and mixed well. The 
precipitate was removed by centrifugation at 1900 rpm for 
1 hr at room temperature (International Size 2 Centrifuge). 
To the supernatant, ammonium sulfate was added to 2.7 M 
ammonium sulfate concentration and the precipitate was re­
moved by centrifugation at 1900 rpm for 1 hr at room tem­
perature. The precipitate was dissolved and the whole 
procedure was repeated. Finally, the precipitate was dis­
solved, dialyzed against water at 4 C until the dialysate 
was free of urea and lyophilized. The method of Michon and 
Arnaud (1962) was employed in detecting urea. 
Estimation of protein 
Protein was estimated by the modified biuret method 
of Campbell et (1964, p. 51). The biuret reagent was 
prepared by mixing 1.5 g cupric sulfate (CuSO^'SHgO), 6 g 
potassium sodium tartarate (KNaC^H^Og-^HgO) and 30 g sodium 
hydroxide in a 1-liter volumetric flask, dissolving and 
diluting to the mark with redistilled water. A 0.2% casein 
solution was prepared from isoelectric casein and the casein 
content was estimated by determining nitrogen by the semimicro 
Kjeldahl method of Rowland (1938), except that the ammonia 
wdfc. câuÇjilt iii 2.3% boric acid, titrated directly v;ith 0.1 M 
HCl (Menefee and Overman, 1940) and with mixed indicator 
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(Johnson and Greene, 1930), and by multiplying the nitrogen 
percentage by 6.38. 3-ml aliquots of casein solutions con­
taining 0.1 mg to 5.0 mg of casein were mixed with 3 ml of 
biuret reagent, incubated for 30 min at room temperature, 
and the biuret color developed was read at 520 nm against 
a protein-solvent blank (BecTonan DU Spectrophotometer). A 
standard curve was constructed and protein was estimated 
directly from the standard curve. 
Determination of the extinction coefficient of 2-hydroxy -
5-nitrobenzyl bromide 
11.6 mg of 2-hydroxy-5-nitrobenzyl bromide were dis­
solved, made to 1 liter with pH 11.0, 7.2 M urea-0.05 M 
phosphate buffer, yielding 5 x 10"^ M, 2-hydroxy-5-nitrobenzyl 
alcohol, and was scanned from 210 nm to 490 nm with a Beck-
man DK-2 Recording Spectrometer. According to Horton and 
Koshland (1965), 2-hydroxy-5-nitrobenzyl bromide hydrolyzes 
in water to yield 2-hydroxy-5-nitrobenzyl alcohol. Absorb-
—5 
ency of 5.0 x 10" M 2-hydroxy-5-nitrobenzyl alcohol solu­
tion was also measured at 410 nm using a Beckman DU Spectro­
photometer . 
Fractionation of casein by DEAE-cellulose chromatography 
The method of Rose, Davies and Yaguchi (1969) was em­
ployed with several modifications. 
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Preparation of 0.05 M tris-0.0075 M citric acid-6.0 M 
urea buffer at pH 8.6 732.2 g urea were dissolved in 
redistilled water to give a final volume of ça. 1350 ml. 
The urea solution was run through a column containing 170 g 
Amberlite NB-3 at a flow rate of 1000 ml per hour and the 
column was washed three times with 170 ml redistilled water. 
The eluate and the washings were collected directly into a 
20b0-ml volumetric flask containing 100 ml of 1 M tris-0.15 M 
citric acid and 0.6 ml of toluene, and the volume was made 
to the mark with redistilled water. Before passing a second 
urea solution through the column, it was washed with 3.5 
liters water and then with 500 ml redistilled water. 
Preparation of DEAE-cellulose exchanger DEAE-
cellulose was prepared according to the method described by 
Reeve Angel (19.71), with some modification. 50 g DEAE-
cellulose (Whatman DE 11) was placed in a 150-mesh sieve 
and shaken mechanically with a Pisher-Kahn shaker (Fisher 
Scientific Co., Pittsburg, Pa.) for 30 min. 30 g of the 
exchanger having 150 or greater mesh were gently stirred in 
450 ml of 0.5 N HCl and the mixture was allowed to stand 
for 30 min at room temperature. The supernatant was de­
canted and the residue was washed repeatedly until the wash 
water was nearly at pH 3.5; the washing was done by dis­
persing the exchanger in redistilled water and filtering 
through a Buchner funnel. The exchanger then was gently 
46 
stirred in 450 ml 0.5 N NaOH, allowed to stand for 30 min 
at room temperature, and finally washed until the wash water 
was at nearly neutral pH. 
The precycled exchanger was stirred in 500 ml 0.15 M 
citric acid, and any occluded air or COg was removed by 
gentle suction. The degassed exchanger then was titrated 
with 1 M tris to pH 8.6. 
The precycled and degassed exchanger was stirred into 
180 ml 0.05 M tris-0.0075 M citric acid-6.0 M urea buffer 
at pH 8.6, was allowed to stand for 30 min at room tempera­
ture, and the supernatant buffer containing fines was re­
moved by décantation. The buffer treatment was repeated 
until the pH of the supernatant buffer was at 8.6 and re­
mained constant at the pH. 
Column packing The method of Garcia (1969, p. 21) 
was en^loyed in packing the exchanger into a coliann. An 
Ace glass column (2.5 x 30.0 cm) with a size 25 poly filter 
disc (Ace Glass Inc.), and a 400-mesh nylon cloth (Pharmacia 
Fine Chanicals) at the bottom, and water-jacketed to be 
maintained at 25 C, was filled with pH 8.6, 0.005 M tris-0.0075 
M citric acid-6.0 M urea buffer and was equilibrated at 
25 C. The precycled and degassed exchanger was added to 
the column by using a stirred reservoir above the column 
and by allowing the exchanger to settle under flow condi­
tions induced by gravity, leaving the column tap open to 
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give a flow rate of ça. three drops per second. After fill­
ing the column, it was allowed to stand for at least 2 hr. 
A size 25 poly float (Ace Glass Inc.) was placed on the top 
of the exchanger bed and the float was held in place by a 
piece of 60-mesh stainless steel screen. The column was 
equilibrated by passing 1000 ml of pH 8.6/ 0,05 M tris-
0.0075 M citric acid-6.0 M urea buffer at a flow rate of 
65-80 ml per hour. 
Preparation of alkylated casein The procedure was 
based on the work by Woychik and Kalan (1965), as adapted 
to whole casein by Rose et (1969). 
0.1 M imidazole buffer was prepared by dissolving 3.404 
g imidazole in ça. 400 ml redistilled water, titrating with 
1 M citric acid to pH 6.85 and making to 500 ml with re­
distilled water. 0.01 M imidazole-4.0 M urea buffer at 
pH 7.0 was prepared by dissolving 12.012 g purified urea 
in redistilled water in a 50-ml volumetric flask containing 
5 ml, 0.1 M imidazole buffer at pH 6.85 and diluting to mark 
with redistilled water. 
500 mg lyophilized isoelectric casein were dissolved in 
20 ml, 0.01 M imidazole-4.0 M urea buffer at pH 7.0 and the 
pH of the casein solution was adjusted to 7.0 by the auto­
matic addition of 0.5 N NaOH. To the casein solution, 0.05 
ml 2-mercaptoethanol was added and the mixture was stirred 
for 1 hr while maintaining the pH of the mixture at 7.0. 
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Then, 0.3445 g iodoacetamide was added in small quantities 
and stirred for 15 min while maintaining the pH of the mix­
ture at 7.0. 0.1 ml of 2-mercaptoethanol then was added and 
stirred for 15 min while maintaining the pH of the mixture 
at 7.0. Finally the alkylated casein solution was dialyzed 
against 400-ml lots of 0.05 M tris-0.0075 M citric acid-5.0 
M urea buffer at pH 8.6, using three changes during 24 hours 
at 4 C. 
Chromatography The procedure employed was a modi­
fication of the method reported by Rose et (1969). The 
alkylated and dialyzed casein sample was applied to a DEAE-
cellulose column equilibrated with pH 8.6, 0.05 M tris-
0.0075 M citric acid-6.0 M urea buffer at 25 C by allowing 
the casein sample to sink into the exchanger, and 5-ml 
fractions were collected at flow rate of 65-80 ml per hour. 
After the sample application, the column was rinsed three 
times with 10-ml portions of pH 8.6 0.05 M tris-0.0075 M 
citric acid-6.0 M urea buffer by allowing the buffer to sink 
into the exchanger after each addition of the buffer. Then, 
the column was connected to the mixing chamber of a two-
chamber gradient device (500 ml of eluting buffer; 500 ml 
of eluting buffer made 0.3 M with respect to NaCl; Kontes 
Glass Co., Vineland, New Jersey), and the elution was ef­
fected at a flow rate of 65-80 ml per hour, collecting a 
total of 200 samples of 5 ml each. Figure 1 shows the 
Figure 1. A schematic of the complete chromatography 
assembly 
1. Close F2 and F21 and partially fill B 
with eluting buffer 
2. Partially fill D by opening F^; then 
close F^ 
3. Close C^/ and partially fill A with 
gradient buffer 
4. Completely fill D by opening C^/ close 
Ci, and completely fill A 
5. Disengage G, and apply sample with J 
and K open 
6. Engage G# completely fill H by opening 
C2 and Y2' snd close C2 
7. Completely fill B, open F^ and engage 
E in operation 
8. Control flow rate by adjusting K 
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complete assembly of the chromatographic column and the 
gradient device employed. 
Characterization of eluted fractions Eluted frac­
tions were placed in individual dialysis tubing sections and 
dialyzed against water at 4 C until the dialysate was free 
of urea; urea was detected by the method of Michon and 
Arnaud (1962). The dialyzed samples then were lyophilized 
and analyzed by starch-urea-2-mercaptoethanol-gel electro­
phoresis. 
Column regeneration The method employed was the 
one described by Peterson and Chiazze (1962), with some 
modification. 
Immediately after the chromatographic separation of 
alkylated whole casein, 500 ml of 0.05 M tris-0.0075 M 
citric acid-6.0 M urea buffer (pH 8.6) containing 0.5 M 
NaCl were passed through the DEAE-cellulose column at a 
flow rate of 65-80 ml per hour. The column then was washed 
by passing 500 ml of 0.1 M sodium citrate-0.2% Triton x-100 
(Rohm and Haas, Philadelphia, Pa.) and 500 ml redistilled 
water in succession at a flow rate of 65-80 ml per hour. 
The column finally was equilibrated by passing 0.05 M tris-
0.0075 M citric acid-6.0 M urea buffer at pH 8.6 until the 
pH and conductivity of the eluant remained constant and 
were the same as those of the buffer. 
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Modification of tryptophan residues in casein with 
2-hydroxy-5-nitrobenzyl bromide 
Tryptophan residues in casein were reacted with 2-
hydroxy-5-nitrobenzyl bromide (HNB) according to the method 
described by Koshland, Karkhanis and Latham (1964), as 
later modified by Horton and Koshland (1965). The HNB re­
agent was dissolved in anhydrous ether instead of dry ace­
tone and the ratio of available p- moles tryptophan residues 
to p, moles HNB reagent employed was approximately 1 to 7. 
Figure 2 shows the way in which HNB reacted casein samples 
were prepared. 
Skim milk According to Hansen and Carlson (1956), 
there are approximately 222 p, moles tryptophan (0.0454 g) 
per 100 ml of milk, therefore, 1.62 x 10^ p, moles of the 
HNB reagent (0.3756 g) would be required per 100 ml of milk. 
300 ml of skim milk, freshly prepared from warm raw 
whole milk (cow No. 6047), was placed in a 400-ml, aluminum 
foil wrapped beaker and was equilibrated at 37 C in a water 
bath. To the skim milk, 3 ml of HNB solution (0.3356 g 
HNB per ml anhydrous ether) was added dropwise while main-
Laining the pH of the skim milk (pH 6.56 at 37 C) by addi­
tion of 0.5 N NaOH via an Automatic Titrator (Radiometer, 
Copehnagen, Denmark) with continuous mechanical stirring 
(Synchronous Rotator, E. H. Sargent Co., Chicago, 111.). 
The reaction was allowed to proceed for 30 min in the dark. 
Raw whole milk (37C) 
Skim milk (37 C) 
Isoelectric 
precipitation, 2x 
Lycphilization 
HNB reaction 
Isoelectric 
precipitation/ 2x 
Gel filtration 
Peptization 
HbfB reaction 
Lyophilization Isoelectric 
precipitation, 2x 
Lyophilization 
Centrifugation 
at 30,000 rpm, 2x 
Isoelectric 
precipitation 
Lyophilization 
Lyophilization 
Figure 2. A schematic of the methods employed in preparing casein samples reacted 
with 2-hydroxY-5-nitrobenzyl bromide (HNB) 
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At the end of the reaction period, a small amount of pre­
cipitated material was removed by centr if ligation at 1900 
rpm for 15 min at room temperature (International Size 2 
Centrifuge). 
Isoelectric whole casein Whole casein has been re­
ported to have 54.1% a^-casein, 31.3% p-casein and 14.6% 
/C-casein, ignoring other constituents, according to Rose 
(1965), and the proposed molecular weights for a^-, p- and 
/^caseins are 23,000, 24,100, and 19,000 (Rose et 1970), 
respectively. Then, 1.25 g whole casein contain 29.4 moles 
Œg-casein, 16.2 ^  moles p-casein, and 9.6 p, moles /C-casein, 
respectively. According to McKenzie (1967, p. 56), the 
tryptophan residues per mole of monomeric a^-t p- and 
K'-caseins are 2.8, 1.0 and 1.0, respectively, thus there are 
a total of ça. 108 p. moles of tryptophan in 1.25 g whole 
casein. The amount of the HNB reagent to be added to the 
casein solution would be 7.8 x 10 jx moles (181 mg) if the 
seven-fold excess, indicated above, is employed. 
1.25 g of lyophilized isoelectric whole casein, pre­
pared from the same lot of the fresh skim milk before the 
HNB reagent was added, was suspended in ça. 50 ml redistilled 
water and peptized at pH 6.8 with 0.5 N NaOH. The peptized 
casein solution was equilibrated at 37 C in a 100-ml, 
aluminum foil wrapped beaker, 1 ml of HNB solution (0.181 g 
HNB per ml anhydrous ether) was added dropwise and the 
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reaction was allowed to proceed as with skim milk. After 
the reaction, a small amount of sedimented material was re­
moved by centrifugation at 1900 rpn for 15 min at room tem­
perature. The HNB-reacted casein was precipitated at pH 
4.6, peptized at pH 7.0, dialyzed against three changes of 
6 liters of water during 24 hr at 4 C, and finally lyophilized. 
Casein samples from the skim milk reacted with 2-hydroxy-5-
nitrobenzyl bromide (HNB) 
Micellar casein 120 ml of HNB-reacted skim milk 
were centrifuged at 30,000 rpm for 30 min at room tempera­
ture (SpincoModel L Ultracentrifuge, No. 30 Rotor, and No. 
335348 Polycarbonate tubes; Beckman Instruments Inc.). The 
sedimented casein micelles were mechanically peptized by 
gently dispersing in ça. 120 ml redistilled water, and again 
centrifuged at 30,000 rpn for 30 min at room temperature. 
The twice-sedimented casein micelles were dispersed in ça. 
100 ml redistilled water, chemically peptized at pH 7.0 with 
0.5 N NaOH, and the casein was precipitated at pH 4.6. The 
isoelectrically precipitated casein then was removed by 
centrifugation at 1900 rpm for 15 min at room temperature 
(International Size 2 Centrifuge), chemically peptized at 
pH 7.0, dialyzed against three changes of 6 liters of water 
at 4 C during 24 hr, and finally lyophilized. 
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Isoelectric casein Isoelectric whole casein was 
prepared from 50 ml HNB-reacted skim milk as was described 
previously (Isoelectric Casein Preparation 1, p. 40). The 
casein was peptized at pH 7.0, dialyzed against three changes 
of 6 liters of water at 4 C during 24 hr and finally 
lyophilized. 
Isoelectric casein after Sephadex G-25 treatment 
40 ml of HNB-reacted skim milk were passed through a Sephadex 
G-25 column, 2.5 x 20-cm, made from a 2.5 x 40-cm glass col­
umn (Ace Glass Inc.), toy eluting with redistilled water 
(0.03% toluene, v/v) at room temperature, at a flow rate of 
72 ml per hr. 40 g Sephadex G-25, medium grade (Pharmacia 
Fine Chemicals), were swelled with several changes of 200 ml, 
COg-free redistilled water (0.03% toluene, v/v) for at least 
2 days at room tamperature. The swelled gel was packed into 
a 2.5 X 20-an glass column, and the column was equilibrated 
by passing 500 ml CO^-free redistilled water (0.03% toluene, 
v/v) through it at a flow rate of 72 ml per hr at room tem­
perature. Isoelectric whole casein was prepared from the 
desalted HNB-reacted skim milk as previously described 
(Isoelectric Casein Preparation 1, p. 40). The casein was 
peptized at pH 7.0, dialyzed against three changes of 6 
liters of water at 4 C for 24 hr, and finally lyophilized. 
A schematic of preparing HNB-reacted casein samples is 
presented in Figure 2. 
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Estimation of modified tryptophan residues in each casein 
component 
Casein samples containing modified tryptophan residues 
were fractionated into Og-, p- and /^-caseins by DEAE-cellulose 
chromatography with a linear salt gradient, and the eluted 
casein fractions were characterized by horizontal starch-
urea-2-mercaptoethanol-gel electrophoresis. Each casein frac­
tion was dialyzed against several changes of water at 4 C 
until the dialysate was free of urea and then was freeze-
dried; urea was detected by the method of Michon and Arnaud 
(1962). 
Lyophilized casein fractions were dissolved in pH 11.0, 
7.2 M urea-0.5 M phosphate buffer and were made to 10 ml with 
the same buffer in 10-ml volumetric flasks. The amount of 
modified tryptophan residues was determined by spectro-
photometric measurement at 410 nm and the protein content 
was determined by the biuret method. The percent of modified 
tryptophan residues in each casein component is then: 
p, moles modified tryptophan residues in 10 ml: 
' X 10^ where E is the extinction coefficient of 
2-hydroxy-5-nitrobenzyl alcohol 
jx moles of a casein component in 10 ml: 
mg protein x 10"^ _ ,,,6 
Molecular Weight 
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% tryptophan modified: 
p, moles tryptophan modified x 100 
tryptophan residues per monomer x p, moles casein 
Tryptic hydrolysis 
The ratio of substrate to enzyme employed was 5000 to 
1. Since bovine milk contains approximately 3.2% protein 
(Jenness and Patton, 1959, p. 113), 0.64 mg trypsin would be 
required per 100 ml of skim milk. Figure 3 shows the way 
in which trypsin treated casein sair^les were prepared. 
Skim milk 110 ml skim milk, freshly prepared from 
warm raw whole milk (cow No. 5944), was equilibrated at 37 
C in a water bath. 10 ml of skim milk were withdrawn and 
placed in a centrifuge tube (No. 335348 Polycarbonate tube, 
Beckman Instruments Inc.). 0.16 ml of trypsin solution 
(4 mg trypsin per ml redistilled water) was added to the 
remaining skim milk at 37 C, and the mixture was mechanically 
stirred while maintaining the pH of the mixture at 6.6, using 
a Radiometer TTTlc. 10 ml aliquots of the mixture were with­
drawn at 3-, 6- and 12-min intervals, placed in centrifuge 
tubes containing 0.05 ml of trypsin inhibitor solution (1 mg 
inhibitor per ml in pH 7.0 phosphate buffer) and mixed well. 
According to the manufacturer (Worthington Biochemical Co.), 
1 mg inhibitor can inhibit 5 mg trypsin. The withdrawn milk 
s angles v:ere centrifuged et 30,000 rpr?. for 30 min at roorr». 
Raw whole milk (37 C) 
Skim milk (37 C) 
Centrifugation 
at 30,000 rran 
Isoelectric 
precipitation 
Trypsin reaction 
3-, 6- and 12-min 
Trypsin inhibitor added 
Lyophilization 
Peptization 
Isoelectric 
pre cipitation 
Lyophilization 
Trypsin reaction, 
3-, 6- and 12-min 
I—Trypsin inhibitor added 
Isoelectric precipitation 
of sample from each treat­
ment 
Centrifugation 
at 30,000 rpm 
Isoelectric precipitation 
of sample from each treat­
ment 
Lyophilization of each 
preparation 
Ul 
00 
Lyophilization of each 
preparation 
Figure 3. A schematic of the methods employed in preparing trypsin treated casein 
samples 
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temperature (Spinco Model L Ultracentrifuge, No. 30 Rotor, 
and No. 335348 Polycarbonate tubes, Beckman Instruments Inc.). 
After centrifugation, the supernatant was removed by 
décantation. The sedimented casein buttons were broken up 
with a spatula, transferred quantitatively to 250-ml centri­
fuge tubes, and dispersed in ça. 80-ml redistilled water with 
a magnetic stirrer. The casein was precipitated by addition 
of 1 ml 10% acetic acid, v/v, and 1 ml 1 M sodium acetate 
(Isoelectric Casein Preparation 2, p. 40), separated by 
centrifugation at 1900 rpm for 15 min at room temperature 
(International Size 2 Centrifuge), and then peptized at pH 
7.0 with 0.5 N NaOH. the peptized casein solution was trans­
ferred quantitatively into a 100-ml volumetric flask, made 
to the mark with redistilled water, and the protein content 
was determined by the biuret method. 
Isoelectric casein 160 ml skim milk, from the lot 
of skim milk employed in the trypsin treatment, was centri-
fuged at 30,000 rpm for 30 min at room temperature (Spinco 
Model L Ultracentrifuge, No. 20 Rotor, and No. 335348 
Polycarbonate tubes, Beckman Instruments Inc.). After re­
moving the supernatant by décantation, the sedimented casein 
buttons were transferred to a 250-ml centrifuge flask, dis­
persed in ça. 120 ml of redistilled water and peptized 
mechanically by magnetic stirring. The casein was precipi­
tated at pH 4.6 and was lyophilized. 
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2.5 g lyophilized isoelectric casein were dispersed in 
ça. 80 ml redistilled water, peptized at pH 6.8 with 0.5 N 
NaOH, transferred quantitatively into a 100-ml volumetric 
flask and made to the mark with redistilled water. The 
casein solution was equilibrated at 37 C. A 10-ml aliquot 
was withdrawn and placed in a 250-ml centrifuge bottle. To 
the remaining casein solution at 37 Z, 0.11 ml of trypsin 
solution (4 mg trypsin per ml redistilled water) was added, 
and the mixture was mechanically stirred while maintaining 
the pH of the mixture at 6.8, using a Ratiometer TTTlc. 
10-ml aliquots were withdrawn at 3-, 6- and 12-min intervals, 
placed in 250-ml centrifuge bottles containing 0.04 ml of 
inhibitor solution (1 mg inhibitor per ml pH 7 phosphate buf­
fer) and mixed well. The casein was precipitated at pH 4.6 
by the addition of 1 ml 1% acetic acid, v/v, and 1 ml 1 M 
sodium acetate (Isoelectric casein preparation 2, p. 40). 
The precipitated caseins were separated by centrifugation 
at 1900 rpn for 15 min at room temperature (International 
Size 2 Centrifuge) and peptized at pH 7.0 with 0.5 N NaOH. 
The peptized casein solution was transferred quantitatively 
to a 100-ml volumetric flask, made to the mark with redis­
tilled water, and the protein content was determined by the 
biuret method. 
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Ratio of Og-, p- and K-caseins in the trypsin treated 
micellar and isoelectric casein 
From the peptized casein solutions, aliquots containing 
15 mg casein were withdrawn, and the remaining casein solu­
tions were freeze-dried. The aliquots were placed,in 40-ml 
centrifuge bottles and diluted approximately to 10 ml with 
redistilled water. The caseins were precipitated at pH 4.6 
by addition of 0.1 ml of 7% acetic acid, v/v, and 0,1 ml of 
1 M sodium acetate, and removed by centrifugation at 1900 
rpm for 15 min, at room temperature (International Clinical 
Centrifuge). In the casein precipitation, the dilution fac­
tors approximately were the same as those employed by 
Rowland (1938), except that 7% acetic acid was employed in 
place of 10% acetic acid in order to attain a pH 4.6 in the 
final mixture. The precipitated caseins were dissolved in 
1 ml of pH 8.6, 0.076 M tris-6.6 M urea buffer, dialyzed 
against the same buffer over night at 4 C, and fractionated 
by horizontal starch-urea-2-mercaptoethanol-gel electro­
phoresis . 
Positive transparencies were made from the starch-gel 
electrophoretic patterns, and each casein component was 
estimated by densitometry. 
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RESULTS AND DISCUSSION 
Effects of Urea on pHs of Buffers 
On many occasions during the preparation of buffers 
containing urea, an increase in pH has been observed when 
urea was added to buffers. In this connection. Bull et al. 
(1964) have suggested that urea in high concentrations 
drastically reduces the activity of hydrogen ions, leaving 
the activities of other ions more or less unchanged. In any 
case, it was decided to standardize the urea-containing buf­
fers employed in this study so that they could be prepared 
quickly when they were needed. 
Imidazole-citric acid-urea buffer for alkylation 
During the separation of whole casein into its com­
ponents by DEAE-cellulose chromatography (Rose et , 
1959), the casein first was alkylated by the method of 
Woychick and Kalan (1965), who used 0.01 M imidazole-4.0 M 
urea, pH 7.0, buffer in dissolving the casein. During the 
preparation of the imidazole-urea buffer, it was found that 
the pH was raised 0.15 unit when 0.1 M imidazole-citric acid 
buffer, pH 7.0, was diluted ten-fold in the presence of 4.0 
M urea. If, however, the 0.1 M imidazole buffer was made 
pH 6.85, the resulting 0.01 M imidazole-4.0 M urea buffer 
had a pH of 7.0. 
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Tris-citric acid-urea buffers 
DEAE-cellulose chromatography The pH of tris-urea 
buffer for DEAE-cellulose chromatography/ was found to in­
crease 0.2 unit when 0.1 M tris-0.13 M citric acid, pH 8.6, 
buffer was diluted 20-fold in the presence of 6.0 M urea. 
This increase was compensated by using 1 M tris-0.15 M citric 
acid, pH 8.4, buffer, which when diluted 20 fold in the 
presence of 6.0 M urea had a pH of 8.6. 
Starch-gel electrophoresis For horizontal starch-
urea- 2-mercaptoethanol-gel electrophoresis, 0.076 M tris-
citric acid-6.6 M urea-0.2% 2-mercaptoethanol, pH 8,6, buf­
fer was employed both in the preparations of the gel and 
the protein samples. As with the other buffers discussed 
an increase of 0.2 pH unit was observed when 0.76 M tris-
citric acid, pH 8.6, buffer was diluted 10-fold in the 
presence of 6.6 M urea. This increase in the pH was com­
pensated by preparing 0.76 M tris-citric acid, pH 8.4, buf­
fer and diluting ten-fold. However, when starch gel was 
prepared with the tris buffer at pH 8.4, the gel pH was 
about 8.45, thus suggesting that hydrogen ions were 
produced during the preparation of the starch gel (11-13% 
starch, w/v). Therefore, the starch gel was prepared by 
using 0.76 M tris-citric acid, pH 8.6, buffer to achieve 
a final pH of about 8.6. 
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DEAE-Cellulose Chromatography 
Purification of urea 
Thompson et (1969) found that deionization of urea 
by passage through an Amberlite MB-1 (mixed ion-exchange) 
resin greatly improved resolution of protein from DEAE-
cellulose columns and reduced the likelihood of carbamyla-
tion of lysine by cyanate ions. Bull et (1964) deion-
ized urea by passage through both the cation and anion-
exchange resins in succession. Younathan and Rudel (1968) 
deionized urea by passing a warm (50 C) aqueous urea solu­
tion through an Amberlite MB-3 column and the deionized urea 
was recovered by recrystallization at 4 C. Rose et al. 
(1969) purified tris buffer containing urea by passage 
through a DEAE-cellulose column. Because these methods of 
purifying urea either were not given in sufficient detail or 
were not suitable for our purpose, it was decided to stand­
ardize the purification method. 
In preliminary work, a 40-ml aliquot of 9 M aqueous 
urea solution was passed through a glass column, 9 x 1.5 cm, 
containing 5 g Amberlite MB-3, and the column was washed 
three times with 5-ml portions of redistilled water. The 
eluate and the washing were collected in a 100-ml volumetric 
flask and the volume was made to the mark with redistilled 
wai-er. Another 4û-ml aliquot was withdrawn from the 9 M 
uroa solution, placed in a 100-ml volumetric flask and 
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diluted to the mark with redistilled water. 20-ml aliquot s 
from both the diluted urea solution with and without resin 
treatment were withdrawn, evaporated to dryness at 120 C, 
dried at 60-65 C under a vacuum of 25-28 inches, and the 
dried residues were weighed. The percent urea recovery was 
calculated from the weigh ratio of the treated urea to the 
non-treated urea. The results are shown in Table 1 and in­
dicate that 98.4% of the urea was recovered after the resin 
treatment. An attempt was made to compensate loss of urea 
by the resin treatment, A 40,65-ml aliquot of 9 M urea solu­
tion (1.6% in excess of 40 ml of 9 M urea solution) was 
treated with the resin, and the dried residues were obtained 
as before. The percent urea recovery was calculated from 
the weight ratio of the treated urea to the non-treated urea. 
The results are shown in Table 1 and indicate that the loss 
of urea by the resin treatment can be compensated by apply­
ing urea in 1.6% excess to the desired final concentration. 
Deionized 6.0 M urea solution was prepared by passing 
67.73 ml of 9 M urea solution through an Amberlite MB-3 
column (5 g), washing the resin three times with 8.3-ml 
portions of redistilled water, combining the eluant and the 
washings in a 100-ml volumetric flask and diluting to mark 
with redistilled water. The conductivities of the deionized 
and non-treated urea solutions were measured at various time 
intervals. Figure 4 indicates an increase in conductivity 
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Table 1. Urea recovery after treatment with a mixed ion-
exchange resin& 
ml of Dried residues percent 
9 M urea No resin Resin urea 
en%)loyed treatment treatment recovery^ 
40.00 4.3339 4.2637 98.38 
40.65 4.3356 100.04 
^5 g of Amberlite MB-3, mixed ion-exchange resin, was 
used. 
^Average of duplicate determinations. Both the resin 
treated and non-treated urea solutions were made to 100 ml. 
20-ml aliquots were dried and weighed (see the text for 
details). 
'^Percentage urea recovery was calculated from the weight 
ratio of dried residues from resin-treated and non-treated 
urea solutions (see the text for details). 
of aqueous urea solutions on standing, suggesting that urea 
decomposes spontaneously to produce ionic species, probably 
ammonium cyanate as was suggested by Bull et (1964). 
Although the resin treatment reduced the conductivity, the 
resin treatment did not prevent the subsequent spontaneous 
decomposition of urea in aqueous solution. The decomposition 
rate appears to be the same whether or not the urea was 
treated with resin. Figure 2 also suggests that the de-
ionized urea solution should be used within 24 houra if it 
is desired to limit the concentration of the ammonium cyanate 
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Figure 4. Conductivity increases of 6.0 M aqueous urea 
solutions, non-deionized and deionized, when 
allowed to stand at room temperature. The 
conductivity was measured at 25 C and the 
urea was deionized by passing through an 
Amberlite MB-3 column 
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ions at their level in the non-treated urea solution at zero 
time. Not only did the deionization step remove ammonium 
cyanate ions but it also removed materials absorbing in the 
UV region as shown in Table 2. At 280 ran, the deionized 
urea solution was practically transparent. Thus the deion­
ization step yields an aqueous urea solution with a reduc­
tion in UV absorption ard in concentration of ammonium 
cyanate ions. 
150 ml of water were required to completely wash the 
residual urea from the 5-g Amberlite MB-3 resin column after 
21.5 g urea (40 ml of 9 M urea) were passed through the resin 
column. It was estimated that the resin column was about 
half-spent when ten 40-ml aliquots of 9 M urea solution had 
been passed through it. 
Table 2. Absorbancy measuranent of 3.6 M aqueous urea solu­
tion, non-treated and deionized 
Absorbancy in the UV region; wavelength in nm 
230 240 250 260 270 280 290 300 
0.096 0.062 0.037 0.031 0.026 0.022 0.018 0.014 
0.032 0.019 0.008 0.005 0.003 0.001 0.001 0.000 
Non-treated 
urea 
Deionized 
urea^ 
^rea was deionized by passing through an Amberlite 
MB-3 column (see tne text). 
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As Sliming that the amount of urea lost during the resin 
treatment is linearly related to the amounts of resin used, 
and of the weights of urea applied, the quantities of both 
resin and urea were increased to about 34 times those used 
in the preliminary experiment. Thus, 1350 ml of aqueous 9 M 
urea solution, containing 732.47 g urea, were passed through 
a 2.5 X 34-cm bed of Amberlite MB-3 resin (170 g), and the 
column was washed three times with 180-ml portions of re­
distilled water. When the eluate and the washings were com­
bined and collected in a 2000-ml volumetric flask contain­
ing 100 ml of 1 M tris-0.15 M citric acid buffer, pH 8.4, 
and the volume was made to the mark with redistilled water, 
the mixture should yield 0.05 M tris-0.0075 M citric acid-
6.0 M urea buffer at pH 8.6. The pH of the buffer prepared 
in this way varied between 8.57 and 8.63. 
Sample size of alkylated whole casein 
Although the general method of Rose et (1969) was 
employed in fractionating whole casein by DEAE-cellulose 
chromatography, there are a number of differences in the 
methods employed by them and by us. It seemed logical to 
examine the effect of casein sangle size on the elution pro­
file. Rose et (1969) applied 200 mg of alkylated whole 
casein on a 1.5 x 27-an bed of DEAE-cellulose (Whatman DEll) 
and elxited st 4 C vith 0.005 M tris-0.0065 îî citric scid-S.C M 
urea buffer, pH 8.6, at a flow rate of 90 to 110 ml per hour. 
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whereas colimns available in our laboratory were 2.5 x 30-cm 
glass columns/ maintained at 25 C by a water-jacket; the con­
centration of tris in the elution buffer was 0.05 M. 
200 mg, 350 mg and 500 mg of whole caseins were alkyl­
ated and fractionated by passing through a 2.5 x 30-cm bed 
of DEAE-cellulose; the eluant was 0.05 M tris-0.0075 M citric 
acid-6.0 M urea, pH 8.6, buffer in linear salt gradient (0 to 
0.3 M NaCl). The fractionation was performed at 25 C and at 
a flow rate of 55 to 80 ml per hour. The elution profiles 
of 200-mg, 350-mg, and 500-mg quantities of alkylated whole 
casein are shown in Figure 5. The results indicated that 
the elution profiles of the three sample sizes were similar 
and that the largest sample size (500 mg of alkylated whole 
casein) gave better definition for each peak eluted. The 
elution profile obtained for a 350-mg casein sample using 
0.005 M tris-0.0065 M citric acid-6.0 M urea buffer, pH 
8.6, as employed by Rose et (1969) was similar to that 
eluted by 0.05 M tris-0.0075 M citric acid-6.0 M urea buf­
fer, pH 8.6 (not presented here). However, since it took a 
much longer time to equilibrate the DEAE-cellulose with the 
0.005 M tris buffer employed by Rose et (1969), it was 
decided to use the 0.05 M tris buffer. From the results of 
these preliminary experiments, it was decided that 500 mg 
of alkylated whole casein would be the most suitable sample 
size for the fractionation. 
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Figure 5. Elution profiles of alkylated whole caseins. 
Alkylated whole caseins were applied to a 2.5 x 
30-cm bed of DEAE-cellulose and eluted with 0.05 
M tris-0.0075 M citric acid-5.0 M urea in in­
creasing salt concentration (0 to 0.3 M NaCl) at 
25 C and at a flow rate of 65 to 80 ml per hour 
A: 200 ml alkylated whole casein 
B: 350 mg alkylated whole casein 
C: 500 mg alkylated whole casein 
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Identification of casein fractions 
Rose ^  (1969) reported that interfering material 
was extracted from dialysis membranes when improperly washed. 
The dialysis membranes employed in this study, therefore, 
were treated with ammonium bicarbonate to remove the binding 
materials from the membrane and subsequently with N-
ethylmaleimide to remove SH-groups in the membrane as was 
suggested by Birshtein et (1971). The membranes treated 
in this way were stiffer than the non-treated ones but there 
was no visible sign that any material was extracted from 
them during long storage in water at 4 C. 
Since the casein sample was alkylated before fractiona­
tion, an attempt was made to see whether or not the alkyla-
tion procedure would have any affect on the electrophoretic 
mobility of each casein component on starch-gel electro­
phoresis. Chemically purified and K-caseins were 
treated by the procedure employed in the alkylation of whole 
casein and were electrophoresed with the same casein sam­
ples which received no alkylation treatment. The results 
are shown in Figure 6, Plate lA. Although the alkylation 
treatment of Cg-casein resulted in an insignificant amount 
of new zones which migrated slower than p-casein, the alkyla­
tion procedure apparently had no affects on the mobilities 
of main a^- and p-caseins. Contrary to the report of 
Woychick and Kalan (1965), the mobilities of /<-caseins were 
Figure 6. Horizontal starch-urea-2-mercaptoethanol-gel 
electrophoretic patterns of casein samples 
Plate lA 
W. Isoelectric whole casein, 1.5% (w/v) 
1. Chemically purified aklylated, a_,-casein, 
0.9% (w/v) 
2. Chemically purified ag-casein, 0.9% (w/v) 
3. Chemically purified alkylated, p-casein, 
0.45% (w/v) 
4. Chemically purified p-casein, 0.45% (w/v) 
5. Chemically purified alkylated, /f-casein, 
0.33% (w/v) 
6. Chemically purified /(-casein, 0.33% (w/v) 
Plate IB 
W. Isoelectric whole casein precipitated from 
skim milk reacted with 2-hydroxy-5-
nitrobenzyl bromide (HNB) 
1. Fraction 1, 0.33% protein (w/v) 
2. Fraction 2, 0.33% protein (w/v) 
3. Fraction 3, 0.45% protein (w/v) 
4. Fraction 4, 0.90% protein (w/v) 
Fractions 1, 2, 3 and 4 were obtained from the 
isoelectric casein of the HNB-reacted skim milk 
by DEAE-cellulose chromatography 
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PLATE 1A 
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changed by the alkylation treatment. The change of the 
mobility is probably due to the reduction of negative 
charges on the K-casein by the alkylation of SH-groups 
with iodoacetamide. 
After a number of experiments/ the peaks eluted from 
DEAE-cellulose chromatography of alkylated whole casein 
were grouped into four main fractions, y- and K-caseins 
were in fraction 1, K-caseins in fraction 2, p-caseins in 
fraction 3# and ag-caseins in fraction 4. Figure 6, Plate 
IB/ shows the starch-gel electrophoretic patterns of frac­
tions 1/ 2/ 3 and 4. Figure 7 shows the chromatographic 
elution profile of alkylated isoelectric casein, precipi­
tated from 2-hydroxy-5-nitrobenzyl bromide-reacted skim 
milk/ and the way in which eluted peaks were grouped into 
four main fractions. It was not possible to separate frac­
tion 1 into y- and K-caseins, In subsequent studies, there­
fore, fraction 1 was discarded and fraction 2 was employed 
as a primary source for the /C-caseins. 
Regeneration of cellulose columns 
The DEAE-cellulose exchanger was regenerated while it 
was in the column. An early atterrit to regenerate the cel­
lulose in the column by the method of Mercier et (1968) 
resulted in a shrinkage of the exchanger bed volume. How­
ever, the exchanger was successtuliy regenerated by using 
the method of Peterson and Chiazze (1952), with some 
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Figure 7. Elution profile of 500 mg of isoelectric casein. The casein was 
precipitated from skim milk which had been reacted with 2-hydroxy-
5-nitrobenzyl bromide and lyophilized. 500 mg of the lyophilized 
casein were alkylated and fractionated at 25 C by DEAE-cellulose 
chromatography, with 0.05 M tris-0.0075 M citric acid-6.0 M urea 
in a linear salt gradient (0 to 0.3 M NaCl) at a flow rate of 65 
to 80 ml per hour. The salt gradient (the dotted line) was in­
directly determined by measuring conductivities of eluants 
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modification: Immediately after use, 500 ml of 0.05 M tris-
0.0075 M citric acid-6.0 M urea-0.5 M NaCl, pH 8.6, buffer 
was passed through the exchanger before the washing solution 
of Peterson and Chiazze (1962) was applied. During the re­
generation step, some materials were eluted from the column, 
suggesting that some casein components were firmly adsorbed 
to the exchanger and that these components were not eluted 
by the maximum salt gradient in the buffer. When some 
shrinkage of the exchanger bed volume was observed after 3 
or 4 repeated regeneration, the exchanger was removed from 
the column, precycled with 0.5 N HCl and 0.5 N NaOH, and 
repacked into the column. 
Milk Samples 
It has been shown that total protein in milk changes 
during the lactation period (Larson and Kendall, 1957). 
In this study, milk samples were obtained from two different 
cows in about the middle of their lactation periods. 
Tryptophan modification study was performed on the milk ob­
tained from cow No. 6047 which was in the 7th month of lac­
tation, and the tryptic hydrolysis study was carried out on 
the milk obtained from cow No. 5944 which was in the 5th 
month of lactation. The use of a single cow's milk had not 
only advantage of avoiding a cumbersome mixture of genetic 
variants of milk proteins but it makes possible securing a 
milk sample at its physiological temperature. 
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At the time the raw whole milk was secured from the 
University Dairy Farm/ the milk temperature was 37 C. The 
milk temperature dropped to about 28 C within 2 hr, during 
which time the milk was brought to the laboratory and skim 
milk was prepared from it. Immediately after the prepara­
tion of skim milk/ it was equilibrated at 37 C and subse­
quent experiments were performed on the milk at that tem­
perature. In fact, during the entire experiment, the milk 
temperature never fell below 25 C. 
In the past, skim milk had been prepared by centrifug-
ing raw whole milk at 2 C. At the low temperature, the 
upper fat layer was solid so that skim milk was siphoned 
from beneath it without a re-mixing of. the skim milk and 
the fat. When raw whole milk was centrifuged at room tem­
perature, the fat layer still floated on the top of the milk 
but it was quite soft so that extreme care had to be ex­
ercised in siphoning the skim milk in order to prevent a re­
mixing of the skim milk and the fat. In the skim milk pre­
pared by centrifugation at room tenperature, fat percentages, 
determined by the method of Mojonnier and Troy (1922), were 
in the range, 0.1289 to 0.1345%. Evidently, skim milk can 
be prepared efficiently at room tertç)erature as long as care 
is exercised in the siphoning step. 
In this study, experiments were designed in such a way 
that the first steps (reaction of 2-hydroxy-5-nitrobenzyl 
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bromide with skim milk and tryptic hydrolysis of skim milk) 
had to be performed at 37 C. Consequently, much concern 
was placed on the growth of microorganism which possibly 
could have a detrimental affect on the casein micelles in 
milk. The total plate counts (American Public Health 
Association, 1960) in skim milk samples, withdrawn immedi­
ately after preparation and three hr after it has been 
equilibrated at 37 C, were 400 and 1700 organisms per ml 
respectively. Since the first experimental steps would be 
finished and caseins were separated from skim milk either 
in micellar form or by acid precipitation within 3 hr, 
the possibility of a detrimental effect on casein micelles 
by microorganisms in the milk was largely eliminated. 
Modification of Tryptophan Residues in Casein Micelles 
Earlier it was suggested that selective chemical modi­
fication might be used as a means of obtaining information 
on protein structures. One of the aims of this investiga­
tion is to chemically label the casein micelles as they 
exist in milk, without disrupting the micelles. In this 
connection, the highly selective reagent, 2-hydroxy-5-
nitrobenzyl bromide, developed by Koshland et al. (1964) 
seemed the most suitable because of its selective reaction 
with tryptophan residues over a wide range of pH. Further-
itiorc, has been reported LhaL modification of tryptophan 
residues in K"-casein caused no change in its ability to 
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complex with ag-casein (Nakai et 1966). 
2-Hydroxy-5-nitrobenzy1 bromide (HNB) 
According to Horton and Koshland (1965), the HNB re­
agent reacts with water and tryptophan in bimolecular re-
NOz ^ ^ j-CHz-Z^NOz 
H 
to yield 2-hydroxy-5-nitrobenzyl alcohol (HNA), HBr and 
alkylated tryptophan. At neutral pH, the HNB reagent is 
highly specific in its reaction toward tryptophan; the only 
other amino acid which can be alkylated by this reagent is 
cysteine, whose reactivity is not more than one-fifth that 
of tryptophan. Koshland et (1964) reacted a-chymotrypsin 
with HNB and estimated the amounts of modified tryptophan 
residues by assuming that the chromophoric group (the 2-
hydroxy-5-nitrobenzyl group bound to the tryptophan residue) 
on the protein has the same extinction coefficient as 2-
hydroxy-5-nitrobenzyl alcohol. 
A 5 X 10"^ M aqueous solution of 2-hydroxy-5-nitrobenzyl 
alcohol was prepared in 7.2 M urea-0,05 M phosphate buffer 
at pH 11.0: 11,6 mg of HNB were placed in a 1500-ml beaker 
containing 432.4 g urea, 100 ml of 0.5 M Na^HPO^ solution and 
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about 700 ml of water and the mixture was stirred while 
titrating to pH 11.0 with 1 M NaOH. When the HNB was com­
pletely dissolved, the mixture was transferred to a 1000-ml 
volumetric flask and made to volume with water. Approxi­
mately one volume of the aqueous 2-hydroxy-5-nitrobenzyl 
alcohol (HNA) solution was diluted with approximately two 
volumes of 7.2 M urea-0.05 M phosphate buffer at pH 11.0 
and an absorption spectrum of the diluted HNA solution was 
recorded with a BecTonan Model DK-2 Recording Spectro­
photometer. The absorption spectrum of aqueous HNA solu­
tion is shown in Figure 7. The result indicates that the 
maximum absorption of aqueous HNA solution at pH 11.0 occurs 
at 410 nm, which is agreement with the report by Koshland 
et al. (1964). Absorbancy of the aqueous HNA solution, 5 
X 10"^ M, was measured with a Beclanan Model DU Spectro­
photometer at 410 nm. The absorbancy value was 0.895. 
The extinction coefficient of the HNA solution is, then, 
E = 8.95 X 10 ^  = 1.79 X 10^ (M"^, cm~^) , 
5.0 X 10"^ 
which is in good agreement with the value reported by 
Horton and Koshland (1965). 
Reaction of HNB with skim milk and casein solution 
2-Hydroxy-5-nitrobenzyl bromide rapidly reacts with 
water and produces 2-hydroxy-5-nitrobenzyl alcohol and HBr. 
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Figure 8. Absorption spectrum of aqueous 2-hydroxy-5-
nitrobenzyl alcohol in 7.2 M urea-0.05 M 
phosphate buffer at pH 11.0 
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Because of this rapid hydrolysis, the HNB reagent must be 
added either in solid form or as a solution. Among the 
solvents tried/ HNB was found to be soluble in absolute 
methanol/ anhydrous acetone and anhydrous ether. An­
hydrous ether was chosen as the most suitable of these 
solvents because it was considered that it would not de­
nature casein micelles under the conditions of the experi­
ment and that it would be lost by evaporation since the 
reaction was conducted at 37 C, with constant stirring. 
At the beginning of the HNB reaction with skim milk 
or with casein solutions# protons were rapidly produced in 
the reaction mixture, as evidenced by a continuous addition 
of alkali by a pH-stat (Radiometer Model TTTlc). At the 
end of the reaction period, it was noticed that a small 
amount of precipitate had formed in the reaction mixture. 
The precipitate probably was acid casein, in very small 
amounts, which formed due to local excess of HBr produced 
by the hydrolysis of HNB and also by its reaction with 
tryptophan. The precipitate was removed and no attendît 
was made to identify it. 
Reaction of alkylated casein samples with HNB 
Since protein side chains generally are involved in 
chemical reactions, chemical modification of functional 
groups in proteiua would be dependent on the conformation 
of the proteins in a particular environment. Whole caseins 
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in aqueous solution exist in random-coil configuration, 
whereas caseins in milk micelles may not be in the same 
configuration. Then, if the reaction of HNB is allowed 
to proceed with purified whole casein solutions and also 
with micellar caseins in skim milk, the labeling in each 
casein component of the micellar casein in milk may or may 
not be the same as that of the whole casein in aqueous 
solution. Since caseins in milk exists largely in 
micellar form and a smaller amount in non-micellar form, 
the labeling in each casein component of the isoelectric 
casein separated directly from the HNB-reacted skim milk, 
may or may not be the same as that of the micelles obtained 
from the same HNB-reacted milk, because of reaction with 
possibly urihydrolyzed reagent during isoelectric precipi­
tation. As a precautionary measure, HNB-reacted skim milk 
was filtered through a Sephadex G-25 column to remove any 
excess HNB. Isoelectric caseins then were prepared from 
the HNB-reacted skim milk with or without having been passed 
through the Sephadex column; the amount of labeling that 
occurred in each casein component of these isoelectric 
caseins was compared. 
Modified tryptophan residues in each casein component 
Casein samples which had been reacted with HNB were 
IJTactiunatt^d into cig—, p— âïïu /v-câs<5i.ns by DEAS—cslliilCGC 
chromatography. The amounts of labeling in each of these 
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casein components were estimated. The results are shown 
in Table 3. 
One prominent feature of the results shown in Table 3 
is a large difference in amount of labeling that occurred 
in purified casein and in micellar caseins. In fact, more 
than one-third of the available tryptophan residues in the 
purified casein was modified, whereas only about 2% of the 
available tryptophan residues in the micelle were modified. 
Since skim milk contains not only casein micelles but also 
other protein constituents such as whey proteins, the 
tryptophan residues in the micelle would have to compete 
with other tryptophan residues in reacting with HNB. The 
comparatively smaller numbers of tryptophan residues that 
were labeled in the micelle in comparison with the number 
in whole casein, would not seem to be dependent on speed 
of hydrolysis of the reagent, because, in the first place, 
more than one-third of the tryptophan residues in iso­
electric casein were able to react with the reagent in 
aqueous solution and, secondly, the reagent was reported 
to be 10,000 times more reactive with tryptophan than with 
water on a mole to mole basis (Horton and Koshland, 1965). 
Since 100 ml of skim milk contain approximately 222 moles 
of tryptophan (Hansen and Carlson, 1956), approximately 2.5 
g of casein (Jenness and Patton, 1959, p. 113), and the 
total number of tryptophan residues in 2.5 g of whole casein 
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Table 3. Degrees of modified tryptophan residues in casein 
components fractionated from HNB-reacted casein 
samples^ 
Casein 
sample 
type 
Milk 
source 
Modified tryptophan 
residues, 
a„- p- K-
HNB-reacted 
isoelectric 
casein^ 
7/12/71 milk 
7/18/71 milk 
34 
43 
38 
48 
33 
32 
Micelles from HNB- 7/12/71 milk 1 .3 1 .5 1. 3 
reacted skim milk® 7/18/71 milk 1 .4 2 .0 2. 3 
Isoelectric casein 7/12/71 milk 1 .8 1 .7 1. 7 
from HNB-reacted 7/18/71 milk 1 .8 1 .8 1. 5 
skim milk^ 
Isoelectric casein from 7/12/71 milk 1 .6 1 .9 2. 1 
HNB-reacted skim milk. 7/18/71 milk 1 .6 2 .4 2. 5 
after Sephadex G-25 
treatment? 
^NB-reacted casein samples were fractionated into as-/ 
p- and Krcaseins. 
^Skim milk was prepared from the morning milk of cow 
No. 6047. 
^Percentage of the total tryptophan residues that were 
modified. 
^^Isoelectric casein from skim milk was peptized and 
reacted with HNB. 
^Micelles were prepared by centrifugation of HNB-
reacted skim milk at 30,000 rjati for 30 min. 
^Caseins were precipitated at pH 4.6 from HNB-reacted 
skim milk. 
-caseins were precipitated at pH 4.6 from HNB-reacted 
skim milk. 
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is approximately 216 p. moles (see Methodology Section), 
interference by whey proteins can hardly explain why the 
labeling in the micelle occurred to such a small extent. 
In view of the above considerations, the data suggest that 
the micelles are sufficiently compact in structure that 
small molecules such as HNB (230 mol. wt.) have difficulty 
in penetrating into the micelle. In this connection, it 
would be interesting, if the HNB-reacted micelles were 
separated by a differential centrifugation (Decelles, 
1967) and if the amounts of labeling that occurred in 
micelles of different sizes were determined, to note whether 
HNB reacted mostly on the surface of the micelles. If it 
did, the amount of labeling per gram of micelle would in­
crease as the size of the micelles decreased. 
The compactness of micellar structure, suggested by 
the results of tryptophan modification, is in contrast to 
the report by Gamier and Ribadeau Dumas (1970) who postu­
lated a sponge-like structure of the micelles. Ribadeau 
Dumas and Gamier (1970) added increasing amounts of myoglobin 
to skim milk and found an increase of A^QQ values in the 
myoglobin treated micelles as compared to that of the non-
myoglobin treated micelles. They considered that adsorp­
tion of myoglobin was negligible since the increased 
values were not affected by myoglobin concentration. 
Ashoor et (1971) reported that dansylation of mi cellar 
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casein in milk and of whole casein in aqueous solution 
occurred to about the same extent. However, they observed 
that dansylation significantly reduced the ability of 
/^casein to stabilize p- and Og-caseins. 
For those casein samples separated from skim milk 
which had been reacted with HNB, preferential labeling on 
tryptophan residues of Og-, p- and K-caseins apparently did 
not occur, regardless of whether they were obtained from 
micellar or isoelectric caseins. Furthermore, there seems 
to be no great differences in labeling between the micelles 
and the isoelectric caseins. If the micelles were covered 
by a K-casein coat (Waugh et 1970), the K'-casein should 
have been labeled extensively. If /C-casein in the micelle 
were core material (Parry and Carroll, 1969), labeling on 
K'-casein should have been minimal. The results of the 
tryptophan modification study indicate that no preferential 
labeling had occurred and suggest that each casein component 
had no preferential positioning in the micelle. Further­
more, under the experimental condition, 37 C and pH 6.7, 
the caseins in skim milk are predominantly in the micellar 
form. 
Tryptic Hydrolysis 
The results of the tryptophan modification study seem 
to indicate fha-h C5S0in component (a -. A— and .K"—caseins) 
in the micelle is uniformly distributed. If casein components 
89 
in the micelle were uniformly distributed, the rates of 
tryptic hydrolysis of each casein component in the micelle 
should be similar. On the other hand, if the micelles have 
a core-coat type of structure, the casein component con­
stituting the micellar coat would be hydrolyzed more rapidly 
than the casein components making up the micellar core. The 
aim of this study is to determine the ratio of the casein 
components in the unhydrolyzed portions of the micelles 
after treating skim milk with trypsin at various time in­
tervals. This ratio would be compared with the results of 
similar experiments on whole casein, solubilized in aqueous 
solution. 
Substrate to enzyme ratio 
Preliminary experiments were performed to determine a 
suitable substrate to enzyme ratio so that only a limited 
hydrolysis would occur. If the hydrolysis proceeded too 
rapidly, the result might not be meaningful and, likewise, 
it might be difficult to recover unhydrolyzed casein for 
analysis. Raw skim milk was obtained from the Department 
of Food Technology and was treated with trypsin at 3-, 6-
and 12-min intervals. The results of the preliminary ex­
periment indicate that about 20% of the total casein in 
milk was hydrolyzed in 12 min when a substrate to enzyme 
j-dtio u£ 5000 to 1, w/w , was employed. This substrate to 
enzyme ratio was anployed in subsequent experiments. 
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Tryptic hydrolysis of micellar and solubilized isoelectric 
caseins 
Skim milk was prepared from raw whole milk obtained from 
cow No. 5944 at the University Dairy Farm. The procedures 
for handling this milk were similar to those employed in the 
labeling study. Isoelectric casein was obtained from the 
micelles of untreated skim milk. The micelles in the skim 
milk and the isoelectric casein, from the micelles, in 
aqueous solution were treated with trypsin at 3-, 5- and 
12-min intervals, at 37 C. The unhydrolyzed portions of 
caseins from both the micellar and solubilized isoelectric 
caseins were determined quantitatively. Figure 9 shows the 
amounts of casein hydrolyzed when both the micellar and 
solubilized caseins were treated by trypsin. Although the 
method employed here was not as sophisticated as those used 
in true enzyme kinetic study, the results indicate that the 
hydrolysis characteristics of both the micelle and the 
solubilized casein are similar. 
Casein components in trypsin-treated micelles and isoelectric 
casein 
The unhydrolyzed portions of casein from both the 
micellar and solubilized isoelectric casein were fraction­
ated by starch-gel electrophoresis. The method of Wake and 
Baldwin (1951) was employed in calculating the mobility of 
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TIME IN MINUTE 
Figure 9. Tryptic hydrolysis of micellar and solubilized 
isoelectric casein. The tryptic hydrolysis was 
carried out with skim milk and solubilized 
isoelectric casein at 37 C and pH 6.7 
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each zone in the electrophoretogram. The mobilities of a^-
caseins, |3-caseins and K-caseins were consistent with the 
reports by Thompson and Kiddy (1964), by Thompson et al. 
(1957) and by Schmidt, Both and de Koning (1955). The 
electrophoretograms are shown in Figure 10. No attempt was 
made to identify those zones migrating faster than a^-casein 
or those zones migrating slower than /^casein. Transpar­
encies were made from the electrophoretograms and the trans­
parencies were scanned by densitometry. From densitometer 
traces, peaks corresponding to the casein components in the 
electrophoretogram were determined and the trace was xeroxed 
(Varian Aerograph, 1971). The areas equivalent to the casein 
components were cut, weighed, and the relative percentages 
of the components were estimated. Figure 11 shows a typical 
densitometer trace and the way in which the casein components 
were identified on the trace. The estimated relative per­
centages of the casein components are presented in Table 4. 
A careful examination of the starch-gel electro­
phoretograms suggests that sub-components of the casein, 
particularly in Cg-casein, have different susceptibility 
to trypsin. In Figure 10, Plates 2A and 2B, it can be seen 
that, while the quantity of the major Cg-casein band (1.15) 
is decreased by trypsin treatment, band 1.20 (just ahead of 
1.15) increased and new bands ran considerably ahead of 1.15. 
The bands behind 1.15 appear to increase in amount. It also 
Figure 10. Horizontal starch-urea-2-mercaptoethanol-gel 
electrophoretic patterns of casein samples 
obtained frcan trypsin treated micelle and 
solubilized isoelectric casein 
Plate 2A Trypsin treated micellar casein. 
Numerical values at the right are 
mobilities of main casein components. 
1. No treatment 
2. 3 min treatment 
3. 6 min treatment 
4. 12 min treatment 
Plate 2B Trypsin treated isoelectric casein 
1. No treatment 
2. 3 min treatment 
3. 6 min treatment 
4. 12 min treatment 
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PLATE 2A 
a,-CASEIN 
X?-CASEIN-C 
«-CASEIN 
PLATE 28 
- Q,-CASEIN 
J- /S-CASEIN 
 ^K-CASEIN 
Figure 11. Densitometer trace of the electrophoretogram 
of micellar casein in skim milk treated with 
trypsin for 3 minutes 
1. Densitometer zero set just behind the 
first zone 
2. Distance determined from transparency, 
multiplied by the magnification factor 
(1.89) and laid-off on the trace 
CASEIN I K-CA^IN 
Z 
97 
Table 4. The ag-, p- and K-casein contents of unhydrolyzed 
portions of caseins from the micellar and iso­
electric caseins after trypsin treatment^ 
Trypsin 
treatment, 
min 
Relative % of casein components^ 
Casein micelles Isoelectric casein 
from micelles 
«s- P- K- Gs- P- K-
0 44.0 31.2 11.8 46.4 35.7 7.8 
3 40.0 22.3 13.6 45.6 19.4 10.5 
6 36.0 18.0 15.6 40.6 18.4 13.0 
12 38.0 13.3 12.6 46.9 10.1 6.4 
^Micelles were isolated after treating skim milk with 
trypsin for 0, 3, 6 and 12 minutes. Isoelectric caseins 
were prepared from isoelectric casein solutions treated with 
trypsin for 0, 3, 6 and 12 minutes. Isolated micelles and 
caseins were fractionated by starch-gel electrophoresis. 
^Relative percentages of the casein components were 
estimated from densitometer traces of transparencies ob­
tained from electrophoretograms. 
can be seen that, while the major p-casein band (0.78) de­
creased, other p-casein sub-components, migrating just be­
hind the major p-casein band, completely disappeared. It 
is also apparent that trypsin treatment has no effects on 
either the major x^casein band (0.50) or other K-casein com­
ponents migrating ahead of the major K-casein. The signif­
icance of these differences, relevant to the micellar 
structure, cannot be explained on the basis of available 
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experimental data obtained in this study. 
Table 4 seems to indicate that p-caseins were hydrolyzed 
more rapidly than a^-caseins and that K-caseins were least 
affected by trypsin^ in both micellar and isoelectric prep­
arations, under the experimental condition employed. These 
results are in agreement with those of Choudhery and 
Mikolaj cik (1970), who have found that proteinases from 
Bacillus cereus hydrolyzed ^-casein more rapidly than a^-
casein in skim milk. The important aspect of the results 
in our study is the way in which the casein components were 
hydrolyzed: Each casein component of the micelle was hydro­
lyzed in the same manner as was each component of the iso­
electric casein. These results do not agree with those of 
Ledford et (1968) and Fox (1970), who have shown that 
the rate of hydrolysis by rennet enzymes was dependent on 
the physical state of the casein. Rennet is a special 
protease preparation in that it preferentially attacks 
A^-casein; therefore, the results of Ledford et (1958) 
and Fox (1970) may not be compared with results obtained in 
this study. At any rate, the results of tryptic hydrolysis 
suggest that the casein components are uniformly distributed 
in the micelle; as was suggested in the tryptophan modifica­
tion study. 
In order to clarify the rates of hydrolysis of the 
casein components, the amounts of these components hydrolyzed 
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at a given time was estimated by multiplying the amount of 
casein recovered, after trypsin treatment, at a given time 
interval, by the relative percentages of the corresponding 
casein components in the recovered casein. The results are 
shown in Figure 12. Although the method employed may be 
rather crude, the results substantiate the previous in­
terpretation that the casein components in the micelles 
were hydrolyzed according to their susceptibility to trypsin 
in whole isoelectric casein. If the micelles were surrounded 
by a Krcasein coat (Waugh et , 1970 ), /^-casein would be 
expected to hydrolyze preferently, which seems not to be 
the case. 
100 
^80r 
w 60 
4 6 8 
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Figure 12. Tryptic hydrolysis of Cg-, p- and K-caseins 
in the micellar and isoelectric caseins 
O O ffg-casein in isoelectric casein 
# # ttg-casein in the micelle 
• • p-casein in isoelectric casein 
p-casein in the micelle 
-Ùk /C-casein in isoelectric casein 
-A Xrcasein in the micelle 
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SUMMARY AND CONCLUSIONS 
The structure of casein micelles, as they exist natu­
rally in milk, was investigated. The methods employed were 
modification of the tryptophan residues in the micelles by 
reacting skim milk with 2-hydroxy-5-nitrobenzyl bromide and 
tryptic hydrolysis of the micelles in skim milk. 
The urea employed in DEAE-cellulose chromatography was 
deionized by treating with Amberlite MB-3, mixed ion-exchange 
resin. A small amount of urea was lost during the resin 
treatment; the loss of urea can be compensated by using a 
1.6+ excess of the weight of urea needed in the final con­
centration (Table 1). The resin treatment reduced the con­
ductivity and the absorbancy of urea in the UV region (Table 
2; Figure 2). Solutions of deionized urea, however, should 
be used within 24 hr after preparation because the conduc­
tivity of solutions of deionized urea increases to that of 
freshly-prepared solutions of untreated urea within that 
period of time (Figure 2) suggesting a spontaneous decom­
position of urea to produce ammonium cyanate ions. 
200-, 350- and 500-mg sample of alkylated casein were 
fractionated by DEAE-cellulose chromatography with linear 
salt (0 to 0.3 M NaCl) gradient. It was found that a 500-
mg sample of alkylated casein yielded the best definition of 
eluted peaks (Figure 5). The alkylation of whole casein 
caused a decrease in the mobility of the K'-caseins but had no 
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effects on mobilities of either a^-casein of p-casein (Fig­
ure 6, Plate lA). The DEAE-cellulose chromatography yielded 
four major fractions containing y- plus K-caseins, K-caseins, 
p-caseins and a^-caseins (Figure 6, Plate IB; Figure 7). 
Skim milk from cow No. 6047 was used in the tryptophan 
modification study and for tryptic hydrolysis, the milk from 
cow No. 5944 was used. Both cows were in about the middle of 
their lactation periods. During the entire period of the ex­
periments, the temperature of the milks was never below 25 C, 
and during that period, the total plate count did not exceed 
2000 per ml. 
Tryptophan residues of the micellar and solubilized 
isoelectric caseins were modified by allowing 2-hydroxy-5-
nitrobenzyl bromide (HNB) to react with skim milk and with 
purified isoelectric casein in aqueous solution at 37 C and 
pH 5.7 (Figure 1). The micelles were separated from HNB-
reacted skim milk by centrifugation and isoelectric caseins 
were prepared by acidification at pH 4.6 (Figure 2). 
The HNB-reacted micellar and solubilized isoelectric 
caseins were fractionated by DEAE-cellulose chromatography, 
and the percentages of modified tryptophan residues in the 
major casein components, ag-, p- and K^caseins, were de­
termined. The results indicate that more than one-third of 
the available tryptophan residues in the solubilized iso­
electric caseins were modified, whereas only about 2% of 
potential tryptophan residues in the micelles were modified 
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(Table 3). Furthermore, no preferential labeling in either 
Œg-/ p- or /^caseins occurred (Table 3). 
Using a substrate to enzyme ratio of 5000 to 1, w/w , 
about 20% of the total casein in milk as well as in solu­
bilized, aqueous casein solutions were hydrolyzed within 12 
min at,37 C and pH 6.7. Trypsin treated micellar and iso­
electric caseins were prepared by allowing trypsin to react 
with skim milk and solubilized isoelectric caseins in aqueous 
solution, respectively (Figure 3), and quantitatively re­
covering the residues that could be precipitated at pH 4.6. 
It was found that the hydrolysis characteristics of both 
the micellar and isoelectric caseins were similar (Figure 9). 
Trypsin treated micellar and isoelectric caseins were 
fractionated by starch-gel electrophoresis and the major 
casein components, a^-, p- and K-caseins, were identified by 
mobility calculation (Figure 10). Transparencies were ob­
tained from electrophoretograms and the transparencies were 
scanned by densitometry. The relative percentages of the 
casein components then were estimated from the densitometer 
traces (Figure 11). It was found that p-caseins of both 
the micellar and isoelectric caseins were most rapidly 
hydrolyzed and that fC-caseins of both the micellar and iso­
electric caseins were the least affected (Table 4, Figure 11). 
The results also show that the casein components of the 
micelle were hydrolyzed in the same manner as the components 
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of the isoelectric caseins. 
The tryptophan modification studies suggest that the 
micelles have rather compact structure and that the casein 
components in the micelles are uniformly distributed. The 
suggestion that the casein components are uniformly dis­
tributed in the micelles was further substantiated by the 
results of tryptic hydrolysis of the micellar and iso­
electric caseins. 
105 
BIBLIOGRAPHY 
American Public Health Association, 1960. Standard methods 
for the examination of dairy products. 11th ed. Ameri­
can Public Health Association Inc., New York, pp. 
47-82. 
Aschaffenburg, R. 1961. Inherited casein variants in 
cow's milk. Nature 192:431. 
As chaffenburg, R. 1963. Preparation of p-casein by a mod­
ified urea fractionation method. J. Dairy Res. 30:259. 
Ashoor, S. H., Olson, N. F., and Richardson, T. 1971. 
Dansylation of casein micelles and purified fractions. 
Functional group analysis and effect on micelle forma­
tion. J. Agr. Food Chem. 19:930. 
Ashworth, U. S. 1964. Interaction of casein coirçxanents as 
measured by turbidity. J. Dairy Sci. 47:351. 
Beeby, R. 1964. The presence of sulfhydryl groups in 
K-casein. Biochim. Biophys. Acta 82:418. 
Beveridge, H. J. T. and Nàkai, S. 1970. Effects of chemi­
cal modification with 2-phenyl-l, 4-dibromoacetoin on 
Œsi-casein. J. Dairy Sci. 53:1532. 
Bird, E. W., Weber, J., Cox, C. P., and Chen T. C. 1961. 
Determination of calcium and magnesium in milk by 
E.D.T.A. titration. J. Dairy Sci. 44:1036. 
Birshtein, Barbara K., Turner, K. J., and Cebra, J. J. 
1971. Structure of heavy chain from strain 13 guinea 
pig immunoglobulin G (2). 1. Isolation of cyanogen 
bromide fragments. Biochanistry 10:1. 
Bohren, H. V. and Wenner, V. R. 1961. Natural state of 
milk proteins. I. Composition of the micellar and 
soluble casein of milk after ultracentrifugal sedimen­
tation. J. Dairy Sci. 44:1213. 
Bull, H. B., Breese, K., Ferguson, G. L., and Swenson, C. A. 
1964. The pH of urea solutions. Arch. Biochem. 
Biophys. 104:297. 
CoTipball, D. H., GôTVêy, J, C., Creamer, Natalie E., and 
Sussdorf, D. H. 1964. Methods in Immunology. W. A. 
Benjamin, Inc., New York, N.Y. 
105 
Choudhery, A. K. and Mikolajcik, E. M. 1970. Activity of 
Bacillus cereus proteinase in milk. J. Dairy Sci. 
53:353. 
Clarke, R. and Nakai, S. 1971. Investigation of K-a -
casein interaction by fluorescence polarization. 
Biochemistry 10:3353. 
Craven, G. R. and Gupta, V. 1970. Three-dimensional 
organization of the 303 ribosomal proteins from 
Escherichia coli. I. Preliminary classification of 
the proteins. Proc. Natl. Acad. Sci. 67:1329. 
Decelles, G. A., Jr. 1953. Preparation and some prop­
erties of the ultrafiltrate from non-pasteurized skim 
milk. Unpublished M.S. thesis. Library, Iowa State 
University, Ames, Iowa. 
Decelles, G. A., Jr. 1957. Investigation of the caseinate-
phosphate-calcium complexes as they exist naturally in 
milk. Unpublished Ph.D. thesis. Library, Iowa State 
University, Ames, Iowa, p. 64. 
Downey, W. K. and Murphy, R. F. 1970. The temperature-
dependent dissociation of p-casein from bovine casein 
micelles and complexes. J. Dairy Res. 37:351. 
Fox, P. F. 1970. Influence of aggregation on the sus­
ceptibility of casein to proteolysis. J. Dairy Res. 
37:173. 
Garcia, V. V. 1969. Practical method for packing re­
producible gel filtration columns ; their application 
to protein separation. Unpublished M.S. thesis. 
Library, Iowa State university, Ames, Iowa, p. 21. 
Garnier, J. and Ribadeau Dumas, B. 1970. Structure of the 
casein micelle. A proposed model. J. Dairy Res. 
37:493. 
Green, Margaret L. 1971a. The specificity of K-casein as 
the stabilizer of Og-casein and p-casein. I. Replace­
ment of /^casein by other proteins. J. Dairy Res. 
38:9. 
Green, Margaret L. 1971b. The specificity for K-casein as 
the stabilizer of Og-casein and ^-casein. II. Re­
placement of K-casein by detergents and water-soluble 
polymers. J. Dairy Res. 38:25. 
107 
Halwer, M. 1954. Light-scattering study of effect of 
electrolytes on a- and p-casein solution. Arch. 
Biochem. Biophys. 51:79. 
Haitimersten, 0. 1883. Zur Frage, ob das Casein ein 
einheitlitcher Stoff sei. Z. physiol. chem., 
Hoppe-Seyler's 12:254. 
Hansen, R. G. and Carlson, D. M. 1955. An evaluation of 
the balance of nutrients in milk. J. Dairy Sci. 
39:663. 
Herskovits, T. T. 1966. On the conformation of casein. 
Optical rotatory properties. Biochemistry 5:1018. 
Hill, R. D. and Craker, Barbara A. 1968. The role of 
lysine residues in the coagulation of casein. J. 
Dairy Res. 35:13. 
Hill, R. D. and Laing, R. R. 1965. The action of rennin 
on casein: The effect on modifying functional groups 
on the casein. J. Dairy Res. 33:193. 
Hill, R. J. and Wake, R. G. 1969. Amphiphile nature of 
K'-casein as the basis for its micelle stabilizing 
property. Nature 221:635. 
Hipp, N. J., Groves, M. C., Custer, J. H., and McMeekin, 
T. C. 1952. Separation of ce-, p- and y-casein. 
J. Dairy Sci. 35:272. 
Ho, C. and Chen, Amy M. 1967. The polymerization of 
bovine Og-casein. J. Biol. Chem. 242:551. 
Ho, C., Magnuson, J. A., Wilson, Joan B., Magnuson, Nancy 
S., and Kurland, R. J. 1969. Phosphorous nuclear 
magnetic resonance studies of phosphoproteins and 
phosphorylated molecules. II. Chemical nature of 
phosphorous atoms in ag-casein B and phosphovitin. 
Biochemistry 8:2074. 
Hoagland, P. D. 1966. Acylated p-caseins: Electrostatic 
interactions and aggregation. J. Dairy Sci. 49:783. 
Horton, H. R. and Koshland, D. E., Jr. 1965. A highly 
reactive colored reagent with selectivity for the 
tryptophan residue in proteins. 2-Hydroxy-5-nitro-
benzyl bromide. J. Am. Chem. Soc. 87:1126. 
108 
Jenness/ R. and Patton, S. 1959. Principles of dairy 
chemistry. John Wiley and Sons, Inc., New York, N.Y. 
Johnson, A. H. and Greene, J. R. 1930. Modified methylred 
and sodium alizarine sulfonate indicators. Ind, Eng. 
Chem., Anal. Edition 2:2. 
Jolies, P., Alais, C., and Jolies, J. 1962. Amino acid 
composition of K'-casein and terminal amino acids of 
K- and para-K-casein. Arch. Biochem. Biophys. 98:56. 
Kason, W. R., Nakai, S., and Hose, R. J. 1971. Interaction 
of asl-casein with polyethylenimine. J. Dairy Sci. 
54:461. 
Kenkare, D. B. and Hansen, P. M. T. 1967. Reversible 
heat-induced dissociation of the a-casein complex. 
J. Dairy Sci. 50:135. 
Kim, G. 1969. The quantitative determination of total 
sulfur in phosphoproteins, with special reference to 
casein. Unpublished M.S. thesis. Library, Iowa 
State University, Ames, Iowa. 
Kolar, C. W. and Brunner, J. R. 1967. Cold-dissociation 
of casein micelles. J. Dairy Sci. 50:941. 
Koshland, D. E.,,Jr., Karkhanis, Y. D., and. Latham, H. G. 
1964. An environmentally-sensitive reagent with 
selectivity for the tryptophan residue in proteins. 
J. Am. Chem. Soc. 86:1448. 
Kresheck, G. C. 1965. The conformation of casein in 
aqueous solution. Acta Chem. Scand. 19:375. 
Kresheck, G. C, , van Winkle, Q., and Gould, I. A. 1964. 
Physical changes in milk proteins at elevated temper­
atures as determined by light scattering. I. Casein 
fractions. J. Dairy Sci. 47:117. 
Larson, B. L. and Kendall, K. A. 1957. Protein production 
in the bovine. Dairy production of the specific milk 
proteins during the lactation period. J. Dairy Sci. 
40:377. 
Lawrence, R. C. and Creamer, L. K. 1969. The action of 
calf rennet and other proteolytic enzymes on K-casein. 
J. Dairy Res. 36:11. 
109 
Ledford, R. A., Chen, J. H., and Nath, K. R. 1968. 
Degradation of casein fractions by rennet extract. 
J. Dairy Sci. 51:792. 
LinderStrom-Lang, K. 1925. Studies on casein. II. Is 
casein a homogeneous substance? Comp. Rend. Trav. 
Lab. Carsberg 16:48. 
MacKinlay, A. G. and Wake, R. G. 1971. K^Casein and its 
attack by rennin (chymosin). In McKenzie, H. A., ed. 
Milk proteins. Chemistry and molecular biology. Vol. 
II. Pp. 175-215. Academic Press, New York, N.Y. 
Manson, W. and Annan, W. D. 1970. Structural studies on 
p-casein. Proc. Int. Dairy Congr., 18th, 1E:33. 
McGann, T. C. A. and Pyne, G. T. 1960-. The colloidal 
phosphate of milk. Ill. Nature of its association 
with casein. J. Dairy Res. 27:403. 
McKenzie, H. A. 1967. Milk proteins. In Anfinsen, C. B., 
Anson, M. L., Edsall, J. T., and Richards, F. M., ed. 
Adv. in protein chem. Vol. 22. Pp. 55-234. Academic 
Press, New York, N.Y. 
McMeekin, T. L. 1952. Milk protein. J. Milk Food Technol. 
15:57. 
Mellander, 0. 1939. Elektrophoretische Untersuchung von 
Casein. Biochem. Z. 300:240. 
Melnychyn, P. and Wolcott, J. M. 1967. Simple procedure 
for isolation of alphag-casein. J. Dairy Sci. 50:1863. 
Menefee, S. G. and Overman, D. R. 1940. A semimicro 
Kjeldahl method for determination of total nitrogen. 
J. Dairy Sci. 23:177. 
Mercier, J. C., Maubois, J. L., Poznanski, S., and 
Ribadeau-Dumas, B. 1968. Fractionment preparatif 
des caseines de vache et brebis par chromatographie 
sur D.E.A.E. cellulose, en milieu uree et 2-
mercaptoethanol. Bull. Soc. Chim. Biol. 50:34. 
Michon, J. and Arnaud, R, 1962. Dosage colorimetrique 
rapide de l'urne sanguin. Clin. Chim. Acta 7:739. 
Mojonnier, x. and ïroy, a. c. 1922. The technical control 
of dairy products. Mojonnier Bro's Co., Chicago, 
Illinois. 
110 
Morr/ C. V. 1967. Effect of oxalate and urea upon ultra-
centrifugation properties of raw and heated skim milk 
casein micelles. J, Dairy Sci, 50:1744. 
Nakai/ S., Wilson, H. K., and Herreid, E. O. 1966. Pref­
erential oxidation of tryptophan residues in K-casein 
on its stabilizing ability. J. Dairy Sci. 50:456. 
Nakai/ S., Wilson, H. K., and Herreid, E. D. 1967. Effect 
of modifying histidine residues in K^casein on its 
stabilizing ability. J. Dairy Sci. 50:456. 
Neelin, J. M. 1964. Variants of /C-casein revealed by improved 
starch gel electrophoresis. J. Dairy Sci. 47:506. 
Nitschmann, H. S. 1949. Elektronemikropische 
Grossenbestimung der Calcium-caseinatteilchen in 
Kuhmilch. Helv. Chim. Acta 32:1258. 
Noble, R. W., Jr. and Waugh, D. F. 1965. Casein micelles, 
formation and structure. J. Am. Chem. Soc. 87:2236. 
Noelken, M* and Reibstein, M. 1968. Conformation of 
p-casein B. Arch. Biochem. Biophys. 123:397. 
Osterberg, R. 1964. Enzymatic degradation of a phosphopeptide 
obtained by trypsin hydrolysis of a-casein. A partial 
structural formula. Acta Chem. Sand. 18:795. 
Parry, R. M., Jr. and Carroll, R. J. 1969. Location of K-casein 
in milk micelles. Biochim. Biophys. Acta 194:138. 
Parry, R. M., Jr., Ford, L. W., and Carroll, R. J. 1969. 
Interaction of agi- and K-casein in the absence of 
calcium ions. J. Dairy Sci, 52:902. 
Payens, T. A. J. 1966. Association of caseins and their 
relation to structure of the casein micelles. J. 
Dairy Sci. 49:1317. 
Payens, T. A. J. 1968. Self-association and complex-
formation of Qgi- and p-casein. Biochem. J. 108:14p. 
Payens, T. A. J. and Markwijk, van, B. W. 1963. Some 
features of the association of p-casein. Biochim. 
Biophys. Acta 71:517. 
Payens, T. A. J. and Schmidt, D. G. 1965. The thermo­
dynamic parameters of the association of Og-casein C« 
Biochim- Biophys. Acta 109:214. 
Ill 
Pepper/ L., Hipp, N. J., and Gordon, W. G. 1970. Effects 
of modification of s-amino groups on the interaction 
of K- and Ogi-caseins. Biochim. Biophys. Acta 207:340. 
Pepper, L. and Thompson, M. P. 1963. Dephosphorylation of 
as- and K-caseins and its effect on micelle stability 
in the K-ttg-casein system. J. Dairy Sci. 46:764. 
Peterson, E. A. and Chiazze, Ellen A. 1962. Some experi­
mental factors in the gradient chromatography of serum 
proteins. Arch. Biochem. Biophys. 99:136. 
Peterson, R. F., Nauman, L. W., and McMeekin, T. L. 1958. 
The separation and amino acid composition of a pure 
phosphopeptone prepared from ^-casein by the action 
of trypsin. J. Am. chem. Soc. 80:95. 
Poulik, M. D. 1957. Starch gel electrophoresis in a dis­
continuous system of buffers. Nature 180:1477. 
Pyne, G. T. and McGann, T. C. A. 1960. The colloidal 
phosphate of milk. II. Influence of citrate. J. 
Dairy Res. 27:9. 
Reeve Angel. 1971. Advanced ion-exchange cellulose. 
Reeve Angel, Clifton, New Jersey, p. 15. 
Ribadeau Dumas, B. and Gamier, J. 1970. Structure of the 
casein micelles. The accessibility of the subunits 
to various reagent. J. Dairy Res. 37:269. 
Rose, D. 1965. Protein stability problems. J. Dairy 
Sci. 48:139. 
Rose, D. 1968. Relation between micellar and serum casein 
in bovine milk. J. Dairy Sci. 51:1897. 
Rose, D. 1969. A proposed model for micellar structure in 
bovine milk. Dairy Sci. Abstr. 31:171. 
Rose, D., Brunner, J. R., Kalan, E. B., Larson, B. L., 
Melynchyn, P., Swaisgood, H. E., and Waugh, D. F. 
1970. Nomenclature of the protein of cow's milk: 
Third revision. J. Dairy Sci. 53:1. 
Rose, D. and Colvin, J. R. 1966. Appearance and size of 
micelles from bovine milk. J. Dairy Sci. 49:1091. 
112 
Rose, D., Davies, D. T., and Yaguchi/ M. 1969. Quantita­
tive determination of the major components of casein 
mixtures by column chromatography on DEAE-cellulose. 
J. Dairy Sci. 52:8. 
Rowland, S. J. 1938. The determination of total nitrogen 
distribution in milk. J. Dairy Res. 9:42. 
Saunder, M., Jung, H. A., and Hamilton, W. L. 1967. A 
method for obtaining three-dimensional structural in­
formation about protein molecules in solution. J. 
Am. Chem, Soc. 89:472. 
Schmidt, D. G., Both, P., and de Koning, P. J. 1966. 
Fractionation and some properties of K-casein variants. 
J. Dairy Sci. 49:776. 
Schmidt, D. G. and Payens, T. A. J. 1964. Differences in 
aggregation behavior of the genetic variants of 
ag-casein. Neth. Milk Dairy J. 18:108. 
Smithies, O. 1955. Zone electrophoresis in starch gels: 
Group variations in the serum proteins of normal human 
adults. Biochem. J. 61:629. 
Sullivan, R. A., Fitzpatrick, Margaret M., Stanton, Elizabeth 
K., Annio, R., Kissell, G., and Palermiti, F. 1955. 
The influence of tonperature and electrolytes upon the 
apparent size and shape of a- and p-casein. Arch. 
Biochem. Biophys. 55:455. 
Swaisgood, H. E., Brunner, J. R., and Lillevik, H. A. 1964. 
Physical parameters of K-casein from cow's milk. 
Biochemistry 3:1616. 
Talbot, B. and Waugh, D. F. 1970. Micelle-forming char­
acteristics of monomeric and covalent K-casein. 
Biochemistry 9:2807. 
Tamaoki, T., Miyazawa, F., Nakamura, K., and Scrimger, J. W. 
1968. Effect -y-irradiation on Escherichia coli 
ribosomes: Reversible dissociation. Biochim. Biophys. 
Acta 157:655. 
Thongs on, M. P. 1970. Phenotyping milk proteins: A re­
view. J. Dairy Sci. 53:1341. 
113 
Thompson, M. P. 1971. ag-and p-caseins. In McKenzie, H. A., 
ed. Milk proteins. Chemistry and molecular biology. 
Vol. II. P. 117-173. Academic Press, New York, N.Y. 
Thompson, M. P. and Kiddy, C. A. 1964. Genetic polymorphism 
in caseins of cow's milk. III. Isolation and prop­
erties of Ggi-caseins, A, B, and C. J. Dairy Sci. 
47:626. 
Thoit^son, M. P. and Pepper, L. 1964. Some characteristics 
of ag- and p-casein variants. J. Dairy Sci. 47:293. 
Thompson, M. P., Kalan, E. B., and Greenberg, R. 1967. 
Properties of casein modified by treatment with 
carboxypeptidase A. J. Dairy Sci. 50:767. 
Thompson, M. P., Gordon, W. G., Boswell, R. T., and Farrell, 
H. M., Jr. 1969. Solubility, solvation and stabili­
zation of agi- and p-caseins. J. Dairy Sci. 52:1166. 
Thompson, M. P., Kiddy, C. A., Johnston, J. O., and Weinberg, 
R. M. 1964. Genetic polymorphism in caseins of cow's 
milk. II. Conformation of the genetic control of 
p-casein variation. J. Dairy Sci. 47:378. 
Thompson, M. P., Tarassuk, N. P., Jenness, R., Lillevik, 
H. A., Ashworth, U. S., and Rose, D. 1965. Nomen­
clature of the proteins of cow's milk—second revision. 
J. Dairy Sci. 48:159. 
Vallee, B. L. and Riordan, J. F. 1969. Chemical approaches 
to the properties of active sites of enzymes. Ann. 
Rev. Biochem. 38:733. 
von Hippie, P. H. and Waugh, D. F, 1955. Casein: Monomers 
and polymers. J. Am. Chem. Soc. 77:4311. 
Varian Aerograph. 1971. Quantitation techniques. Varian 
Aerograph, Walnut Creek, California, p. 30. 
Wake, R. G. and Baldwin, R. L. 1961. Analysis of casein 
fractions by zone electrophoresis in concentrated urea. 
Biochim. Biophys. Acta 47:225. 
Waugh, D. F. 1958. The interactions of Og-, p- and /<-caseins 
in micelle formation. Discussions Faraday Soc. 25:186. 
114 
Waugh, D. F. 1971. Formation and structure of casein 
micelles. In McKenzie, H. A. ed. Milk proteins. 
Chemistry and molecular biology. Vol. II, Pp. 3-85. 
Academic Press, New York, N.Y. 
Waugh, D. F., Creamer, L. K., Slattery, C. W., and Dresdner, 
G. W. 1970. Core polymers of casein micelles. 
Biochemistry 9:786. 
Waugh, D. F. and Noble, R. W., Jr. 1965. Casein micelles. 
Formation and structure. II. J. Am. Chem. Soc. 
87:2246. 
Waugh, D. F. and von Hippie, P. H. 1956. K-Casein and 
stabilization of casein micelles. J. Am. Chem. Soc. 
78:4576. 
Whikehart, D. R. and Rafter, G. W. 1970. Effects of vary­
ing protein to protein-phosphate ratios of Ogi-casein 
on ag-ZC-casein micelles. J. Dairy Sci. 53:1171. 
Woychik, J. H. 1964. Polymorphism in K-casein of cow's 
milk. Biochem. Biophys. Research Commun. 16:267. 
Woychik, J. H. and Kalan, E. B. 1965. Alkylation of re­
duced K-casein. J. Dairy Sci. 48:1115. 
Woychik, J. H. and Wondolowski, M. V. 1969. Nitration of 
tyrosyl residues in K- and agi-casein. J. Dairy Sci. 
52:1669. 
Yaguchi, M. and Tarassuk, N. P. 1967. Gel filtration of 
acid casein and skim milk on Sephadex. J. Dairy Sci. 
50:1985. 
Younathan, E. S. and Rudel, L. L. 1968. Reaction of 
alloxan with thiol groups of proteins. Blockage of 
the reactivation of reduced ribonuclease. Biochim. 
Biophys. Acta 168:11. 
Zittle, C. A. 1967. Precipitation of caprine and bovine 
caseins from acidic solutions by sodium polyphosphate: 
Influence of pH and urea. Utilization for separation 
of ttg- and K-casein. J. Dairy Sci. 50:1352. 
Zittle, C. A. and Custer, J. H. 1963. Purification and 
some of the properties of a_-casein and X-casein. 
J. Dairy Sci. 46:1182. 
115 
ACKNOWLEDGMENTS 
I would like to express my gratitude to Dr. Emerson 
W, Bird for suggesting the problon and for his patience 
and guidance during the entire course of its development. 
I also express my appreciation to Dr. Marshall Phillips 
of the National Animal Disease Laboratory, U.S.D.A., Ames, 
Iowa, for permitting me to use the Model 43 Photovolt 
Varicord Recorder, and the Mr. C Deutsch, Iowa State 
University Photo Service, for helpful suggestions concern­
ing the preparation of the transparencies. 
I am greatly indebted to Mr. Anthony Colletti and his 
staff. Department of Animal Science, Iowa State University, 
for making it possible to obtain fresh milk frcan the Uni­
versity Dairy Farm, to Mrs. Barbara Pitzen of the Service 
Laboratory, Department of Food Technology for determining 
the fat content and total plate counts of the skim milks 
employed, and to the Department of Food Technology for the 
use of its research facilities. 
I am very grateful to my wife, Hae Ja, for her patience 
and encouragement during the entire course of my graduate 
study. 
